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Memory formation relies on an orchestrated activation of cellular and molecular 
mechanisms that drive acquisition and consolidation of memories into a stable 
form. Research of the past decades has begun to elucidate how activation at the 
synapse promotes communication to the nucleus, where learning-induced gene 
expression takes place. This genomic response, that also includes post-
transcriptional alterations in the newly-synthetized transcripts, is required for 
long-term memory formation. In in the first sections of this work, we uncovered a 
role for the Growth Arrest and DNA Damage γ (Gadd45γ) in memory formation 
and age-related cognitive decline. We showed that Gadd45γ mediates synapse-
to-nucleus communication required for induction of activity-dependent gene 
expression and memory formation. We further identified that the expression of 
this protein is tightly regulated in hippocampal neurons. Decreasing or increasing 
Gadd45γ expression compromised activity-dependent gene expression and 
memory formation. We further discovered that during murine and human aging 
the hippocampal expression of this protein is dysregulated, suggesting that it may 
be involved in age-related cognitive decline. In the next section, we identified the 
alternative splicing program associated with spatial memory formation. We 
showed that the DNA methylation reader methyl-CpG-binding protein 2 (MeCP2) 
is required for the accurate induction of alternative splicing in baseline conditions 
and after learning. These findings place MeCP2 as a key regulator of adult brain 
function, particularly cognitive abilities. Lastly, we investigated molecular 
mechanisms underlying memory persistence. We showed that neuronal PAS 
domain protein 4 (Npas4) expression is induced several hours after persistent 
memory learning, but not when mice form short-lasting memories. This delayed 
expression is dependent on N-Methyl-D-aspartic acid (NMDA) receptor activation 
several hours after learning. Interestingly, artificially inducing Npas4 expression 
in a short-lasting memory protocol, further accelerated memory decay. These 
findings suggest that late Npas4 expression might be a mechanism associated 
with forgetting. Altogether, in this work we discovered new molecular 
mechanisms of memory formation and persistence in the adult and aged brain. 
KEYWORDS: 




Die Gedächtnisbildung beruht auf einer orchestrierten Aktivierung von zellulären und 
molekularen Mechanismen, die den Erwerb und die Konsolidierung von Erinnerungen in 
eine stabile Form treiben. Die Forschung der letzten Jahrzehnte begann aufzuklären, wie 
die Aktivierung der Synapse die Kommunikation zum Zellkern antreibt, wo die 
lerninduzierte Genexpression stattfindet. Diese genomische Antwort, die auch 
posttranskriptionelle Veränderungen in den neu synthetisierten Transkripten beinhaltet, 
ist für die Bildung des Langzeitgedächtnisses erforderlich. Im ersten Abschnitt dieser 
Arbeit haben wir die Rolle für das Growth Arrest and DNA Damage γ (Gadd45γ) bei der 
Gedächtnisbildung und dem altersbedingten kognitiven Abbau aufgedeckt. Wir zeigen, 
dass Gadd45γ die Kommunikation zwischen der Synapse und dem Zellkern- vermittelt, 
die für die Induktion der aktivitätsabhängigen Genexpression und die Gedächtnisbildung 
erforderlich ist. Weiterhin konnten wir zeigen, dass die Expression dieses Proteins in 
hippocampalen Neuronen eng reguliert wird und die Verringerung oder Erhöhung der 
Gadd45γ-Expression beeinträchtigte die aktivitätsabhängige Genexpression und die 
Gedächtnisbildung. Wir entdeckten außerdem, dass die Expression dieses Proteins im 
Hippocampus von Mäusen und Menschen während der Alterung dysreguliert ist, was 
darauf hindeutet, dass Gadd45y am altersbedingten kognitiven Verfall beteiligt sein 
könnte. Im nächsten Teil identifizierten wir das alternative Spleißprogramm, das mit der 
Bildung des räumlichen Gedächtnisses verbunden ist. Wir zeigten, dass der DNA-
Methylierungsleser Methyl-CpG-bindendes Protein 2 (MeCP2) für die präzise Induktion 
des alternativen Spleißens im Grundzustand und nach dem Lernen erforderlich ist. Diese 
Ergebnisse weisen MeCP2 eine Schlüsselrolle bei der Regulierung der Gehirnfunktion 
im Erwachsenenalter zu, insbesondere bei kognitiven Fähigkeiten. Schließlich 
untersuchten wir die molekularen Mechanismen, die der Gedächtnispersistenz zugrunde 
liegen. Wir konnten zeigen, dass die Expression des neuronalen PAS-Domänenproteins 
4 (Npas4) mehrere Stunden nach dem Erlernen persistierender Erinnerungen induziert 
wird, jedoch nicht, wenn Mäuse kurzzeitige Erinnerungen bilden. Diese verzögerte 
Expression ist abhängig von der Aktivierung des N-Methyl-D-Asparaginsäure (NMDA)-
Rezeptors einige Stunden nach dem Lernen. Interessanterweise beschleunigte die 
künstliche Induktion von Npas4 in dem Protokoll, das zu kürzer-anhaltenden 
Erinnerungen führt, den Gedächtnisverfall weiter. Diese Befunde deuten darauf hin, dass 
die späte Npas4-Expression ein Mechanismus sein könnte, der mit dem „Vergessen“ 
 
SCHLÜSSELWÖRTER: 
Alternatives Spleißen, Altern, Gadd45, Gedächtnis, Lernen, MeCP2, Npas4. 
verbunden ist. Insgesamt haben wir in dieser Arbeit neue molekulare Mechanismen der 
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Chapter 1. Introduction  
1.1. Classes of memory 
The study of learning and memory falls into the domains of psychology and 
neurobiology. In the early nineteenth century, psychological research pioneered 
memory categorization (James, 1890) before neurobiologists gained access to tools 
to study the molecular mechanisms underlying different memory types. It was only 
in 1923, however that McDougall (McDougall, 1923) provided the distinction 
between explicit and implicit memory, a definition that is still accepted today. Non-
declarative or implicit memory is dispositional and recalled through daily 
performance rather than conscious recollection. In opposition, explicit or declarative 
memory is knowledge-based and available as a conscious recollection, usually 
associated to facts or events. Non-declarative memory, although inaccessible by 
conscious recall, is essential for daily performance and is shaped by past events. 
Examples include skills and habits, emotional or motor responses and reflex 
pathways. Declarative memory depends on several brain structures particularly 
hippocampus and the adjacent entorhinal, perirhinal, and parahippocampal cortices 
(Squire and Zola-Morgan, 1991). These structures work together to form different 
components of declarative memory for example the encoding of objects (perirhinal 
cortex), spatial information (parahippocampal cortex) and importantly the integration 
between all of these components (hippocampus) (Staresina et al., 2011).  
 
Declarative memory can also be classified according to its stability into working 
memory, short-term memory (STM), long-term memory (LTM) and remote memory. 
There is however a distinction between the fields of cognitive neuroscience and 
cellular and molecular neuroscience. In cognitive neuroscience the term working 
memory has largely been fully replaced by STM to refer to the capacity for holding a 
small amount of information in mind for a short time, such as to remember a phone 
number that has just been listed. In cellular and molecular neuroscience, working 
memory is used to refer to a memory that is recalled in the scale of milliseconds to 
minutes, while STM is able to persist up to hours in rodents (Kandel, 2012; Kandel 
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et al., 2014). From hereinafter STM will be used as defined in cellular and molecular 
neuroscience. Memories that are consolidated and persist for days to years are 
classified as LTM. Remote memory is a subtype of LTM that refers to memory that 
lasts weeks to a lifetime and depend on additional consolidation mechanisms 
(please refer to section 1.3. “Molecular mechanisms underlying memory 
persistence”). 
In the next section I will introduce the main cellular and molecular mechanisms that 
distinguish the formation and consolidation of STM and LTM. 
 
1.2. Molecular mechanisms underlying memory formation  
Declarative memories depend on specific molecular processes in the hippocampus 
and its connections to establish LTM. During a learning event information is first 
acquired and transformed in a labile memory that is prone to disruption and depends 
on mechanisms that allow its stabilization. This consolidation process takes several 
hours to occur (Izquierdo and Medina, 1997), which led to an hypothesis pioneered 
by William James in 1890 (James, 1890). This idea stated that while LTM formation 
is taking place and is being stabilized one or several STMs are holding the memory 
in place. This hypothesis was later supported and further developed by others 
(Mansuy et al., 1998; Greve et al., 2010). If such would be the case it would mean 
that STMs would be an intermediate process that could lead to LTM formation and 
not separate mechanisms of memory storage. In 1993 this question started to be 
addressed by Thomas Carew that showed that long-term facilitation could be 
normally expressed in the absence of short-term facilitation in Aplysia (Emptage and 
Carew, 1993). These findings suggested that STM might be a separate entity, 
molecularly distinguishable from LTM. Nevertheless, it was only in 1998 that this 
question was answered by Iván Izquierdo and Jorge Medina (Izquierdo et al., 1998). 
In their study they infused distinct pharmacological inhibitors into the CA1 region of 
the hippocampus or entorhinal cortex of rats that underwent inhibitory avoidance 
training, a form of aversive learning. The animals were tested for retained STM (1.5h) 
and retested for LTM (24h). They concluded that hippocampal serotonin 1A receptor 
activity and entorhinal α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
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(AMPA), γ-aminobutyric acid A (GABAA) activity is required for STM but not LTM. 
These findings elegantly showed that LTM is able to be formed in the absence of 
STM and therefore are, at least in part, parallel and distinct events (Izquierdo et al., 
1999; Abel and Lattal, 2001; Izquierdo et al., 2002). Since this initial study more 
detailed molecular pathways have been described to be selectively required for STM 
or LTM, independently (Izquierdo et al., 2002). 
The key feature that distinguishes LTM is its dependence on de novo protein 
synthesis that results on enduring plasticity changes in neurons, a process not 
required for STM. Fexner and collogues where the first to identify that 
pharmacological inhibition of translation induces memory impairments in mice 
(Flexner et al., 1962). Since this initial observation it is well accepted that LTMs 
mostly require de novo protein synthesis, despite extensive debate on off-target 
effects of the protein synthesis inhibitors used in initial studies (Hernandez and Abel, 
2008). This, however does not seem to be an absolute requirement for all types of 
LTMs (Zhao et al., 2019).  
In the next sections I will focus on known molecular mechanisms that orchestrate de 
novo gene expression and subsequential de novo protein synthesis required for 
memory processes.   
 
1.2.1 Synapse-to-nucleus signaling  
1.2.1.1. Signal transduction 
It is generally accepted that synapses communicate with the nucleus via signaling 
pathways that induce gene expression required for long-term structural and 
functional changes (Cohen and Greenberg, 2008). Sensory experience such as 
learning promotes neurotransmitter release at the synaptic cleft. This in turn 
activates synaptic receptors inducing membrane depolarization in the postsynaptic 
terminal. Calcium influx serves as a second messenger system in neurons by 
activating calcium-dependent kinases, which mediate posttranslational 
modifications and the induction of mRNA transcription and translation (Flavell and 
Greenberg, 2008). Particularly four main signaling pathways are thought to mediate 
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calcium-dependent signaling to the nucleus, the cAMP, Ca2+/calmodulin-dependent 
protein kinase (CaMK), Ras and p38 signaling pathways (Figure 1.1).  
 
Figure 1.1. Molecular pathways converging in activity-dependent transcription 
In the presence of elevated intracellular calcium (i[Ca2+]), adenylyl cyclase (AC) 
converts ATP into cyclic AMP by activation of calmodulin (CaM). cAMP is then able 
to bind to regulatory subunits present in the protein kinase A (PKA) which causes it 
to undergo a conformational change. Upon this change, the active catalytic subunits 
of PKA are released from the previous active auto-inhibitory domain. This active form 
of PKA is then able to translocate into the nucleus, where it phosphorylates and 
activates transcription factors required for activity-dependent gene expression. 
In a similar mechanism, intracellular calcium binds to CaM in four calcium binding 
sites forming Ca2+-CaM complex. This complex is able to change the conformation 
of several target proteins, such as the AC, but also the  (CaMKIV). The binding of 
Ca2+-CaM to CaMKIV activates its kinase activity. Activated CaMKIV phosphorylates 
downstream transcription factors in the nucleus, thus inducing transcription 
activation. This signaling cascade is required for induction of long-term  potentiation 
(LTP) and long-term depression (LTD) (Mulkey et al., 1994).  
The increase in i[Ca2+] also promotes activation of guanosine triphosphate 
(GTP)ases Ras such as Raf, a mitogen-activated protein kinase (MAPK) kinase 





















(MEK), that in turn phosphorylate MAPK such as ERK1/2. Phosphorylated ERK1/2 
targets several proteins such as 90 kDa ribosomal s6 kinases (P90RSK) and 
mitogen and stress activated protein kinase (MSK) which phosphorylate 
transcription factors required for gene expression.  
Lastly a less studied pathway that under neuronal stress conditions activates 
synapse-to-nucleus communication is the p38 signaling cascade. Upon neuronal 
stress, activated forms of p38 are able to directly phosphorylate MSK1/2, a 
downstream target also targeted by ERK1/2. Therefore, the p38 pathway shows 
some level of redundancy to signaling that leads to ERK1/2 activation, such as Ras 
(Tan et al., 1996; Deak et al., 1998).  
It is now believed that STM depends on post-translational events regulated by 
signaling cascades in the cytoplasm of neurons. These events are triggered by initial 
activation of glutamate AMPA, N-Methyl-D-aspartic acid (NMDA), and metabotropic 
receptors in the hippocampus. These lead to intracellular influx of sodium and 
calcium and activation cyclic adenosine monophosphate (cAMP) signaling that 
activates downstream PKA, phosphoinositide-3-kinase (PI3K), Tyr-kinases, guanylyl 
cyclase, protein kinase g (PKG), protein kinase C (PKC)α/βII activation, which some 
are proposed to be specifically required for STM (Kandel, 2001; Izquierdo et al., 
2002). Recent evidence also shown that STM and LTM depend on MAPK activity. 
The MAPK family included the c-Jun N-terminal kinases (JNK), the extracellular 
signal-regulated kinase (ERK) and p38. JNK proteins phosphorylate synaptic 
proteins and therefore regulate the insertion of AMPA receptors in dendrites (Coffey, 
2014). Similarly, p38 is required for AMPA receptor trafficking associated with 
metabotropic glutamate receptor (mGluR)-induced LTD and NMDA receptor 
(NMDAR)-induced LTP (Correa and Eales, 2012). JNK and p38 are phosphorylated 
upon learning stimuli in vivo suggesting a role in this process (Giese and Mizuno, 
2013). In fact, pharmacological inhibition of p38 immediately after learning impairs 
both STM and LTM formation (Alonso et al., 2003). Both short- and long-lasting 
neuronal adaptive responses have been suggested to require JNK/p38 activity 
(Alonso et al., 2003; Bevilaqua et al., 2003; Guan et al., 2003; Sherrin et al., 2010; 
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Giese and Mizuno, 2013; Morel et al., 2018). However, identification of proteins that 
regulate activation MAPK during plasticity and memory is still lacking. 
 
Besides these classical signaling cascades other proteins have been suggested to 
regulate synapse-to-nucleus communication. The Growth Arrest and DNA Damage 
(Gadd45) family is comprised of three family members, Gadd45α, Gadd45β and 
Gadd45γ, which are small proteins (~18 KDa) with both nuclear and cytoplasmic 
expression (Tamura et al., 2012). The genes coding each family member were first 
identified in cell lines following irradiation stress and interleukin treatment (Fornace 
et al., 1988; Abdollahi et al., 1991; Beadling et al., 1993). Gadd45 family members 
regulate signaling cascades such as the MAPK cascade, cell-cycle control and DNA 
repair mechanisms and have been extensively studied during tumorigenesis and 
cellular stress responses (Moskalev et al., 2012). Gadd45 regulation of MAPK 
signaling cascades has only been described in tissues outside of the nervous 
system, through the interaction with kinases upstream of JNK and p38 MAPKs, but 
not ERK1/2 (Takekawa and Saito, 1998; Tornatore et al., 2008). Recently it was 
shown that Gadd45 proteins contain a MEKK4 binding domain (Miyake et al., 2007). 
MEKK4 is inactive in the absence of stimuli since its amino and carboxyl-termini are 
bound together, thus inhibiting the kinase activity. The binding of Gadd45 family 
members disrupts this termini interaction, allowing its dimerization and activation by 
phosphorylation (Miyake et al., 2007). MEKK4 once activated can phosphorylate 
MAPK kinases, such as MEKK4/6, upstream kinases for both p38 and JNK. The 
potential role for Gadd45 in JNK and p38 activation during neuronal plasticity has 
not yet been addressed. Only a few studies started to investigate the role of these 
proteins in plasticity and memory. It is known that Gadd45β and Gadd45γ 
transcription is induced upon neuronal activity and learning (Ma et al., 2009). Two 
studies indicated that Gadd45β regulates memory formation, however these studies 
showed contradictory results (Leach et al., 2012; Sultan et al., 2012). More recently 
Gadd45γ in the prelimbic prefrontal cortex was shown to be necessary for memory 
consolidation by processes of DNA demethylation and regulation of IEGs (Li et al., 
2018). Gadd45α was also recently shown to be required for memory consolidation 
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by regulating mRNA stability via a transcription‐independent mechanism (Aparisi 
Rey et al., 2019).  
 
In the next section I will discuss mechanisms in the nucleus that are activated by the 
signaling cascades discussed so far. 
 
1.2.1.2. Activity-dependent gene transcription  
Upon neuronal activity, such as learning, synapse-to-nucleus communication 
mechanisms trigger activation of transcription factors that initiate de novo gene 
expression. The identification and characterization of molecules required for 
plasticity events is pivotal for ultimately understanding how the brain functions. One 
major limitation in the past century was that the complexity of these phenomena 
made it challenging to pinpoint specific molecular players involved. An initially 
criticized strategy to overcome this problem, was the reductionist approach. This 
consists on taking a complex problem and dissecting one specific component of it in 
a great detail, which was exactly what Eric Kandel did in the 1970s. Initially inspired 
by the findings of Brenda Milner on patient H.M. he found electrophysiological 
evidence for action potentials in the dendritic trees of hippocampal neurons. He soon 
realized that the hippocampus, was not the optimal system to study mechanisms of 
memory formation due to its complexity and limited technology available at the time. 
He decided to focus on a simple model organism that has rudimentary forms of 
learning such as the gill-withdrawal reflex in the Aplysia californica (Montarolo et al., 
1986; Kandel, 2001). This invertebrate has only 20,000 neurons in the central 
nervous system, that are among the largest in the animal kingdom. Due to this fact, 
Aplysia´s neurons are easy to patch and can be singly traced between animals. This 
invertebrate also shows several forms of learning such as habituation, 
dishabituation, sensitization, classical conditioning, and operant conditioning that 
were later described. Kandel ultimately thought that the basic mechanisms 
identifiable in this basic organism would be conserved in mammals such as humans, 
receiving much criticism at the time. In 1976 his laboratory discovered that 
sensitizing stimuli to the tail of Aplysia promoted an increase in synaptic strength and 
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increased the levels of cAMP (Brunelli et al., 1976). This was performed by injecting 
cAMP directly into Aplysia sensory neurons which resulted in increased cAMP levels 
and in a transient enhancement of transmitter release in the synaptic connection. 
His laboratory also provided direct evidence that cAMP-PKA signaling that activates 
cAMP response element-binding protein (CREB) activity is required for learning-
associated plasticity (Dash et al., 1990; Kandel, 2001). This was performed by 
blocking the binding of CREB to cAMP response element (CRE), which selectively 
impaired long-term facilitation mechanisms. This and other elegant studies 
demonstrated both the necessity and sufficiency of the CREB transcriptional 
pathway for memory (Kandel, 2001). The findings observed in this simple organism 
showed that the mechanisms gating plasticity and memory also happen in more 
complex animals and particularly in the hippocampus (Lamprecht, 1999).  
CREB belongs to the bZIP family of transcription factors, it contains a c-terminal 
basic domain that allows binding to cis-regulatory elements in DNA. The CRE 
binding site, consists of the palindromic consensus sequence TGACGTCA. Although 
CREB can also bind in the presence of the core sequence CGTCA. The remaining 
domains present in the CREB protein allow the interaction with coactivators and 
components of the transcriptional machinery required for de novo gene expression. 
Besides cAMP-PKA activation, other signaling pathways converge into CREB 
activation (Figure 1.1). CREB activation depends on the phosphorylation of its 
regulatory site (Ser-133), located within the kinase inducible domain (KID). 
Phosphorylated CREB acts as a stimulus-dependent transcriptional activator (Lonze 
and Ginty, 2002).  
Similarly, to CREB other constitutively expressed transcription factors have been 
associated to memory and plasticity mechanisms. The Jun (c-Jun, JunB, and JunD) 
family homodimerizes or heterodimerizes with proteins of the c-Finkel–Biskis–
Jinkins (FBJ) osteosarcoma oncogene (Fos), activating transcription factors (ATF) 
families (Hai and Hartman, 2001; Alberini, 2009), thereby forming the transcription 
factor complex activator protein 1 (AP-1). AP-1 induces transcription in both baseline 
and in activity-dependent conditions of several genes that contain the AP-1 
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consensus site 5’-TGAG/CTCA3’ (2-O-Tetradecanoylphorbol-13-acetate [TPA]-
responsive element) in their promoter region.  
Memory formation as well as LTP and LTD are dependent on AP-1 activity (Abraham 
et al., 1993). Nonetheless the majority of studies have focused on its role in response 
to cellular stress (Alberini, 2009). Additionally, AP-1 can also bind, with lower affinity, 
to the CRE element, promoting a redundant mechanism in some genes. Moreover, 
most activity-response genes contain several transcriptional factor binding sites not 
exclusive to a unique transcription factor. This complexity might serve several 
purposes such as redundancy that increases the likelihood of a correct response to 
a stimulus. Another possible advantage of this strategy is that the same 
transcriptional factors and genes respond to different neuronal stimuli. Meaning that 
the unique signature of genes is crucial for a proper response such as in learning 
and stress although showing some degree of overlap. Another factor supporting this 
redundancy is that ERK1/2 and p38 pathways signaling that leads to CREB induction 
also induces AP-1 activation. This supports the view that these transcriptional factors 
might have complementary functions in plasticity mechanisms associated with 
memory formation. Besides these signaling cascades other proteins have been 
shown to regulate transcription factor activation. 
 
In the next section, I will discuss mechanisms occurring alongside transcription factor 
activation that mediate activity-dependent gene expression. 
 
1.2.1.3 Epigenetic regulators  
Epigenetics mechanisms refer to biochemical modifications to the DNA or DNA-
associated structures, without affecting the DNA sequence directly. These 
modifications have the ability to induce persistent or transient changes in gene 
expression (Sweatt, 2013). Several categories of epigenetic mechanisms have been 
described, such as covalent modification to DNA, histone post-translational 
modifications, adenosine triphosphate (ATP)-dependent chromatin remodeling, 
histone subunit exchange, transcriptional repressor element-1 (RE1) silencing 
transcription factor (REST)/REST Co-repressor (Co-REST)/Sin 3A System and non-
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coding RNAs. These modifications fall into two main categories: DNA methylation 
and regulation of chromatin structure via histone modifications. I will mainly focus on 
DNA methylation as a regulatory mechanism for memory formation since the 
remaining mechanisms have been described in detail elsewhere (Borrelli et al., 
2008; Champagne and Curley, 2009; Brito and Gulmez Karaca, 2018) and go 
beyond the scope of this study. 
 
Initially cytosine 5’-methylation was referred to as the prime dogma of epigenetics, 
as it has the potential to regulate in a permanent way gene expression, seen for 
instance during cellular fate determination. DNA methylation occurs mostly at 
cytosine-guanine dinucleotide sequences in the DNA (CpG sites) and is mainly 
associated with repression of gene expression. Although this seems to be a general 
rule, in recent years evidence has emerged that DNA methylation can also occur at 
non-CpG sites and that cytosine methylation can promote gene expression 
activation (Guo et al., 2011). It was initially thought that DNA methylation marks 
placed during development did not undergo DNA demethylation. The exception 
being mitotic cells that upon cellular division momentarily loose DNA methylation in 
the newly synthetized DNA strand. This idea implied that post-mitotic cells such as 
neurons, carried out DNA methylation marks permanently, as this would be essential 
to maintain their cellular identity (Holliday, 2006). More recently it has been shown 
that neurons can undergo active DNA demethylation, where previously-methylated 
cytosine can be reconverted into their unmethylated state. Interestingly this seems 
to be limited to a few tissues in the organism such as the adult brain and the fertilized 
zygote.  
DNA methylation-dependent mechanisms occur by the coordinated activity of three 
classes of enzymes: DNA methylation writers, readers and erasers. DNA 
methylation writers catalyze the covalent binding of a methyl group from the methyl 
donor S-adenosyl-methionine (SAM) to the 5′ position on the cytosine-pyrimidine 
ring. These enzymes are the DNA methyltransferases (DNMT) which either mediate 
de novo methylation (DNMT3a and 3b) or maintain previous methylation marks 
(DNMT1) (Tollefsbol, 2017). Upon establishment of methylation marks a group of 
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proteins, DNA methylation readers, that contain a methyl-CpG-binding domain 
(MBD) are recruited. Five MBD proteins have been identified in mammals the 
MBD1–MBD4 and methyl-CpG-binding protein 2 (MeCP2) (Baubec et al., 2013). 
After recruitment and CpG binding, these proteins promote nucleosome remodeling 
and activity of histone deacetylase complexes, which results in decreased 
transcriptional activation at these loci (Nan et al., 1998). DNA methylation erasers 
can promote active DNA demethylation, independent of cell division. This family of 
proteins are the ten-eleven translocation (TET) proteins comprised of three members 
TET1-3, that throughout a series of direct and indirect biochemical steps convert 5-
methylcytosine into its demethylated form (Alaghband et al., 2016; Bayraktar and 
Kreutz, 2018). The Gadd45 proteins have also been shown to promote active 
demethylation by recruiting demethylation machinery components and activation 
base excision repair (BER), that catalyzes the substitution of 5mC to unmodified 
cytosine (Gavin et al., 2012; Li et al., 2015) or by direct interaction with TET proteins 
(Kienhofer et al., 2015). In accordance, knock-down of Gadd45β expression in the 
neonatal rat amygdala results in impaired expression of MeCP2, Reelin and brain 
derived neurotrophic factor (BDNF) possibly by processes of active DNA 
demethylation (Kigar et al., 2015).  
 
LTMs require distinct rounds of gene expression. Constitutively expressed 
transcription factors initiate transcription of immediate early genes (IEGs) directly 
after the onset of learning. Among IEGs there are several transcription factors that 
regulate the expression of late-response genes (LRGs). The transcription of LRGs 
is induced several hours later as it is dependent on de novo protein synthesis. 
In the next sections I will discuss the downstream activation of genes associated to 
plasticity and memory events.  
 
1.2.1.4. Immediate early genes  
IEGs are a group of genes that in response to stimulation are rapidly and transiently 
upregulated in neuronal cells. IEGs transcription is initiated rapidly after neuronal 
activity/LTM as seen by the presence of their mRNA within minutes after stimulation. 
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Their transcription is protein synthesis independent and generally transient. This set 
of about one hundred genes (Nedivi et al., 1993; Lacar et al., 2016) are generally 
expressed at low levels in the absence of activity. For this reason, IEGs usually 
contain in their promoter regions binding motifs for constitutively expressed 
transcription factors such as CREB, AP-1 and serum response factor (SRF) and 
others. Therefore, IEG expression is used as a marker for activated neurons during 
a learning event (Okuno, 2011) and their promoters or cis-regulatory regions have 
been genetically engineered to identify and/or manipulate the neuronal population 
activated during learning (Kawashima et al., 2013; Sorensen et al., 2016). The 
enrichment for transcriptional factor binding in their regulatory elements suggests a 
redundant regulation (Healy et al., 2013). These genes include many transcription 
factors responsible for generating a secondary response to activity required for LTM 
to form. Arguably the two most well studied IEGs are the activity regulated 
cytoskeleton (Arc) protein and Fos, nonetheless other examples include the 
neuronal PAS domain protein 4 (Npas4), early growth response protein 1 (Egr1) and 
the nuclear receptor subfamily 4 group A member 1 (Nr4a1). Fos also acts as an 
activity-induced transcription factor. As discussed before c-fos expression depends 
on cAMP and Ca2+ through the activation of CREB. Fos does not directly act as a 
transcription factor as it needs to dimerize with members of the Jun family to form 
the AP-1 complex. Early studies using global Fos knock-out mouse models showed 
that this protein is required for complex forms of learning and memory (Paylor et al., 
1994). Later more sophisticated methods were used such as the Cre recombinase/ 
locus of x-over, P1 (cre/loxP) system to selectively knock-out fos in the central 
nervous system. These mice showed robust hippocampus-dependent and 
associative learning deficits, indicating that fos is required for these processes 
(Fleischmann et al., 2003). Until recently it was thought that AP-1 binds preferentially 
at promoter sites of late-response genes, although recent chromatin 
immunoprecipitation DNA-sequencing (ChIP-seq) evidence has revealed that AP-1 
binds mostly to activity-regulated enhancer regions (96% of fos binding sites) (Malik 
et al., 2014). 
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Npas4 is another example of an IEG with transcription factor activity. Npas4 has 
however unique characteristics that distinguishes it from other IEGs. Particularly 
Npas4 expression is exclusively neuronal, it is selectively activated by neuronal 
activity but not by other external stimuli such as growth factors or neurotrophins. 
Moreover, it was suggested to control the expression of a large number of activity-
regulated genes (Sun and Lin, 2016). Supporting its function in memory, blockade 
of Npas4 expression after learning in the CA3 of the hippocampus and the 
basolateral amygdala impairs memory formation (Ploski et al., 2011; Ramamoorthi 
et al., 2011; Weng et al., 2018; Sun et al., 2020). Recently it was shown that action 
potential bursting and excitatory postsynaptic potentials promote two distinct 
molecular responses. Different Npas4 heterodimers form in the CA1 region of the 
hippocampus in response to these stimuli leading to molecularly distinct binding in 
the genome (Brigidi et al., 2019). These recent findings place Npas4 as a decoder 
of synaptic stimuli and suggest that it might fine-tune high order cognitive events.  
Arc is an example of an IEG that is not a transcription factor, but a protein with 
synaptic function. Upon transcription Arc mRNA is transported into dendrites as part 
of the post-synaptic density (Moga et al., 2004). Arc is required for plasticity 
mechanisms such as LTP and LTD (Korb and Finkbeiner, 2011). At dendrites Arc 
interacts with protein complexes to dynamically regulate AMPA receptor 
endocytosis. This was shown by using mutant forms of Arc lacking interacting 
domains with these protein complexes, that resulted in abolished Arc-dependent 
decrease in the AMPA receptor-mediated miniature excitatory postsynaptic current 
(mEPSC) amplitude  (Shepherd et al., 2006; DaSilva et al., 2016). Interestingly Arc 
can also be localized at the nucleus, where it regulates glutamate ionotropic receptor 
AMPA type subunit 1 (GluA1) expression and homeostatic plasticity (Korb et al., 
2013). Unexpected findings revealed that Arc can form virus-like particles that 
enclose RNA and are transported trans-synaptically (Pastuzyn et al., 2018). More 





1.2.1.5. Late response genes 
LRG transcription is induced hours after IEG induction (Hong et al., 2004). As 
discussed, IEG largely encode transcription factors which are required for induction 
of LRG. Therefore, this secondary genomic response is mostly dependent on de 
novo protein synthesis, although specific LRGs have been reported to be protein 
synthesis independent (Tullai et al., 2007). LRGs usually encode effector proteins 
with distinct neuronal functions such as dendritic growth, spine maturation, synapse 
elimination and the development of proper excitatory/inhibitory balance (Yap and 
Greenberg, 2018). Based on genome-wide studies there have been identified about 
300-500 LRGs dependent on Fos and Npas4 binding (Kim et al., 2010; Malik et al., 
2014; Benito and Barco, 2015), although this number is possibly much larger as 
other IEGs are expressed upon learning. Examples include the neuronal pentraxin-
2/ neuronal activity-regulated pentraxin Nptx2/Narp and the transforming growth 
factor-beta 2 (Tgfb2). Moreover, the specific induction of LRG seems to be a largely 
cell- and stimulus specific event (Yap and Greenberg, 2018). Due to this complexity, 
research has mainly focused on understanding the functions of individual LRGs, as 
their general contribution is mostly tested by manipulating specific transcriptional 
factors that mediate their transcription. As discussed above many transcription 
factors have redundant activities, thus challenging the understanding on how LRGs 
act as a whole. 
 
1.2.3. Alternative splicing 
Post-transcriptional mechanisms provide an additional layer of regulation of protein 
function. Alternative splicing expands the diversity of the genome by potentially 
generating thousands of distinct transcript isoforms from single genes (Schreiner et 
al., 2014). Transcriptomic studies have revealed that ~95% of the human pre-
mRNAs are subject to alternative splicing editing (Pan et al., 2008; Wang et al., 
2008). Splicing is catalyzed by the spliceosome, a macromolecular RNA-protein 
complex that recognizes sequence elements on target pre-mRNAs and mostly 
removes introns. This remains a major unanswered question in Molecular Biology, 
as it can be perceived as a very inefficient system of keeping introns in a gene only 
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to transcribe and remove them during splicing. Alternative splicing processes pre-
mRNA transcripts to generate mRNA isoforms with different stability or coding 
segments (Nilsen and Graveley, 2010). This process is regulated by cis-acting RNA 
elements and by splicing regulatory RNA-binding proteins. These proteins are highly 
complex as they cannot be grouped into positive and negative splicing regulators, 
since their function depends on the location of the binding site (Fu and Ares, 2014). 
Nonetheless recent findings in neurons have shown that DNA methylation in gene 
bodies directly affects splicing efficiency at these loci particularly through MeCP2 
activity (Maunakea et al., 2013; Cheng et al., 2017). Importantly a study revealed 
that mice that underwent contextual-fear conditioning showed activity-dependent 
alternative splicing during several stages of memory consolidation (Poplawski et al., 
2016). This finding suggests that alternative splicing might be a process involved in 
cognition. Indeed, several proteins with well-established functions in memory and 
plasticity have been shown to be regulated by alternative splicing. For example, the 
Grin1 gene that encodes for the glutamate ionotropic receptor NMDA type subunit 1 
(GluN1), a subunit ubiquitous present in AMPA receptors, undergoes differential 
splicing (Nakanishi et al., 1992). Mice that express a version that lacks one exon that 
can be skipped by alternative splicing have enhanced long-term potentiation in the 
hippocampus compared to mice that constitutively expressed this exon (Sengar et 
al., 2019a). Importantly no differences in basal synaptic transmission were observed, 
suggesting that alternative splicing specifically mediated a mechanism involved in 
synaptic plasticity. Moreover, mice with skipped version of this exon have a better 
learning and memory performance compared to mice that expressed the exon 
(Sengar et al., 2019a). This illustrates a scenario where alternative splicing 
regulation is required for memory formation. It is therefore possible that in instances 
where global transcript levels of a particular gene are not affected, transcript 
isoforms generated by alternative splicing are. This is observed in forms of autism 
spectrum disorders, where forms of homeostatic plasticity are impaired due to 
alternative splicing malfunction (Thalhammer et al., 2020). IEGs can also be 
regulated by alternative splicing mechanisms. For example, specific splicing forms 
of the Homer protein homolog 1 (Homer1) are induced after synaptic plasticity 
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events. This gene generates long (Homer1b, Homer1c, and Homer1d) and short 
(Homer1a and Ania3) splice isoforms, where only Homer1a and Ania3 have 
characteristics of IEGs (Thalhammer et al., 2020). This is due to a regulatory element 
within the intronic region between exons 5 and 6 that leads to alternative poly(A) 
sites resulting in a premature transcription termination. This process is essential at 
the function level, as the long isoforms contain domains that allow the biding to 
multiple postsynaptic proteins. The activity-generated isoforms that lack these 
domains act as dominant-negative regulators, disrupting the binding between 
Homer1 long isoforms and their target proteins. Therefore, incorrect regulation of 
specific isoform expression might lead to alterations in mechanisms of homeostatic 
plasticity, which have been identified in diseases such as schizophrenia (Matosin et 
al., 2016). The current understanding of alternative splicing mechanisms in memory 
formation is however at its infancy.  
 
In this section I summarized the molecular mechanisms that underly long-term 
memory storage. I introduced signaling pathways that disseminate synaptic activity 
into the cell nucleus and initiate plasticity-associated gene expression mediated by 
the regulation of transcription factors and epigenetic regulators. Moreover, I covered 
how the initial gene expression response modulates a secondary transcriptional pool 
of transcription. Lastly, I discussed the emerging field of activity-dependent 
alternative splicing as a contributor to plasticity and memory events.  
 
In the next section I will provide an overview on mechanisms involved in remote 
memory formation, a form of long-term memory that can last from weeks to the whole 
lifespan of an organism.   
 
1.3. Molecular mechanisms underlying memory persistence 
 
Early psychological studies showed that memories formed recently were more 
sensitive to disruption than memories formed remotely in time. These findings 
originated the Ribot’s law of retrograde amnesia (Ribot and Smith, 1882). This law 
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states that with time memories become more resistant to disruption due to 
consolidation mechanisms in the brain. This hypothesis was supported by findings 
from patients with hippocampal damage that displayed both anterograde amnesia 
and a form of retrograde amnesia that was restricted to more recently formed 
memories but spared remote memories (Milner and Penfield, 1955; Scoville and 
Milner, 1957). These early observations lead to the idea that the hippocampus was 
essential for the formation and early recall of recent memories, but over time 
memories became hippocampus-independent. It is now largely accepted that 
consolidation involves two major stages: synaptic or cellular consolidation and 
systems consolidation. Cellular consolidation mechanisms last from minutes to 
hours and happen locally in each brain area involved in a particular memory. 
Ultimately these processes (mainly discussed in the previous sections) restructure 
synaptic connections in activated neurons (Quillfeldt, 2019). On the other hand, 
classical systems consolidation is a gradual process that happens within weeks in 
rodents but it has been suggested to happen during months or even years in humans 
(Quillfeldt, 2019). It states that at the time of learning, the hippocampus and cortical 
regions are activated, but only weakly linked together. Reinforcement processes 
such as replay and sleep strengthen these cortico-hippocampal connections until a 
remote memory is fully consolidated. This classical theory proposes that remote 
memories are able to be evoked independently of the hippocampus, merely by the 
newly formed cortico‐cortical connections. Recent technological advances have 
allowed to test this theory with higher precision. This led to the development of other 
theories that state a role of the hippocampus even in remote memory recall (Goshen 
et al., 2011; Tonegawa et al., 2018; Quillfeldt, 2019; Yonelinas et al., 2019). A still 
largely unanswered question is what mechanisms occur during the cellular 
consolidation phase that allows the transition to the systems consolidation phase? 
Particularly considering that not all long-term memories are consolidated into remote 
memories. This suggests that early mechanisms that are specific to long-lasting 
memories need to happen early on in regions such as the hippocampus and possibly 
cortical regions during the initial cellular phase.  
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In 1999 the first study that showed that long-lasting activity in the hippocampus is 
required for LTM consolidation was published. Riedel and colleagues revealed that 
during several days after learning the AMPA/kainate glutamate activity is required in 
the hippocampus for memories to persist (Riedel et al., 1999). After, independent 
studies have replicated and expanded on this finding by showing that AMPA and 
mGluRs are upregulated in the hippocampus after learning for several days, possibly 
involved in the maintenance of memory consolidation (Katche et al., 2013). It seems 
that this increase in receptor expression is not exclusive to AMPAR, as NMDA 
receptor reactivation in the CA1 is required in the first days after learning in order for 
memories to persist (Shimizu et al., 2000). This increase on long-term activation of 
the hippocampus possibly depends on input from other brain regions. Indeed, a 
pioneering study showed that dopaminergic activation is required in order for 
memories to undergo long-term consolidation (Rossato et al., 2009). Using a 
pharmacological approach, the authors inhibited D1 dopamine receptor activity in 
the dorsal hippocampus 12h after memory acquisition. These animals showed a fast-
decaying LTM suggesting that mechanisms underlying memory persistence were 
impaired. Moreover, using a behavior paradigm that would induce a short-lived 
memory, the authors pharmacologically enhanced D1 dopamine receptor activity, 
which converted this memory into a persistent one. More recently it was shown that 
remote memories depend on local activation of parvalbumin interneurons in two 
distinct phases (Karunakaran et al., 2016). The first phase (0–5h after learning) 
depends on D1/5 dopamine receptor signaling and entails downstream activation of 
cAMP signaling in these cells. A second phase (12–14h) is associated with 
parvalbumin activation which promotes activity of pyramidal neurons in the 
hippocampus and leads to memory persistence. These findings indicate that late 
and recurring activity in the hippocampus in diverse cell types is associated with 
mechanism of systems consolidation.  
Neuronal activity needs to generate, at the molecular level, changes in plasticity. In 
the previous sections, I discussed molecular mechanisms associated with long-term 
memory formation. These processes arise almost immediately after learning. 
Particularly induction of signaling cascades that orchestrate a genomic IEG 
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response. It appears that the learning associated-gene expression required for 
remote memory consolidation occurs at remote time points. Nonetheless, many of 
the same signaling events and downstream gene expression seem to arise. 
Particularly studies show two waves of ERK1/2 activation after learning. The first is 
transient and rapidly induced after learning, while the second is delayed and persists 
for several hours after training (Trifilieff et al., 2006; Trifilieff et al., 2007; Bekinschtein 
et al., 2008). An alternative way of inducing memory persistence is by a 
reconsolidation process. This involves the conversion of a labile memory into a 
restabilized state by memory reactivation. Interestingly hippocampal activation of 
ERK1/2 occurs up to 3h after reinforcement.  Abolishing this activation impaired 
remote memory, but spared 24h memory after reinforcement (Krawczyk et al., 2016). 
Altogether these intriguing findings suggest that different strategies for remote 
memory formation share common molecular mechanisms.  
Late activation of signaling cascades such as ERK1/2 likely induce gene expression 
required for remote memory formation. Indeed, several studies have shown that 
delayed waves of gene expression happen several hours after learning in brain 
regions associated with memory encoding. An important distinction from the initial 
induction of IEGs is that few genes seem to be activated, contrasting with the 
induction of hundreds of genes upon the initial learning event. This might be in part 
due to active processes of repression which have been shown to occur (Cho et al., 
2015). One example is Arc expression that has been proposed to be reactivated 
after learning. Upon spatial exploration two waves or Arc expression occur at 30 min 
to 2h and 8 to 24h (Ramirez-Amaya et al., 2005), these findings were later replicated 
by the same group (Ramirez-Amaya et al., 2013). It is unclear however, if this 
expression was related to memory persistence, as animals were exposed only to a 
5min exploration session. More recently an elegant study addressed this question 
by identifying a delayed expression of Arc 12h after contextual fear conditioning 
(Nakayama et al., 2015). The authors also showed that the neuronal subpopulation 
expressing this delayed wave was the same that initially expressed Arc after leaning. 
Lastly, they showed that this delayed expression was required for memory 
persistency and not for memory formation. Another study revealed that Arc 
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expression in the hippocampus mediates cortical mechanisms required for 
strengthening memories, but not memory retrieval per se (Ye et al., 2017). 
Besides Arc other genes were reported to undergo delayed transcriptional activation 
such as BDNF. Expression of BDNF is upregulated 12h after inhibitory avoidance 
training in the rat hippocampus (Bekinschtein et al., 2007). Similarly to Arc, inhibition 
of this late phase of expression selectively hindered memory persistency, but not 
formation. In a follow up study, the authors showed that artificial induction of late 
BDNF expression was sufficient to induce memory persistence, in a process 
dependent on ERK1/2 signaling (Bekinschtein et al., 2008). Later, an independent 
group also observed a late BDNF expression in mice that underwent contextual fear 
conditioning training (Mizuno et al., 2012). These findings suggest that BDNF 
upregulation is a mechanism common in different forms of aversive learning and 
rodent species. 
Besides Arc and BDNF other genes have been identified to undergo similar 
reactivation patterns required for memory persistence. Particularly Egr-1 (Katche et 
al., 2012) and Fos (Katche et al., 2010) and more recently the neuron-specific 
nucleosome remodeling factor BAF53b (Yoo et al., 2020). For a more detailed 
overview please refer to Katche et al. 2013, which summarizes most of the identified 
molecules at the time. 
These findings suggest that the molecular signature of memory persistence is 
somewhat similar to global mechanisms during early consolidation. Possibly such is 
the case to promote a reinforcement of encoded information that allows remote 
memory storage. A major challenge in this field is to pinpoint the correct time to 
analyze when remote memory consolidation take place. Contrarily to memory 
acquisition and recall, when these mechanisms start to occur and what drives them 
is still an open question. It is tempting to speculate that early events triggered by 
remote memory training during memory acquisition/early consolidation potentiate 
signaling mechanisms required for LTM and simultaneous events that will trigger 
memory endurance. These mechanisms need to be specific for long-lasting 
memories and possibly generate signaling cascades within brain regions associated 
 25 
with memory formation that later on will induce appropriate communication and 
maturation during systems consolidation.     
 
1.4. Molecular mechanisms underlying age-related cognitive decline 
In the previous sections I summarized processes underlying proper cognitive 
function in the brain. Although there are numerous examples where cognitive 
function is compromised (i.e., neuronal degeneration), this chapter will focus on 
cognitive aging, a physiological decay of memory performance. Age-related 
cognitive decline is observed across multiple species, including rodents and humans 
(Erickson and Barnes, 2003). In humans, about 40% of individuals 65 years old or 
above experience some form of memory loss (Small, 2002; Aigbogun et al., 2017), 
even though deterioration of cognitive functions may start earlier (Singh-Manoux et 
al., 2012). Aged rodents (Dunnett et al., 1988; Winocur, 1988), monkeys (Bartus et 
al., 1978; Rapp et al., 1997) and humans exhibit similar age-dependent memory 
impairments (Erickson and Barnes, 2003; Burke et al., 2012). During heathy aging 
(in the absence of brain disorders), selective forms of cognition are compromised. 
Aging does not affect the rate of at which elderly humans acquire skills, learn 
procedures, form simple associations or even long-term retention or performance of 
skills acquired previously (Foster et al., 2012). Aging disturbs primarily memory 
formation of recent events associated with a spatial component or contextual 
memory. In rodent animal models, spatial memory is also sensitive to age, and 
similarly to humans’ other types of procedural skills are spared (Cassel et al., 2007). 
The reason for this selectivity is that the hippocampus is a brain region particularly 
affected by the aging process together with other areas such as the neocortex (Ryan 
et al., 2019a) and the cerebellum (Woodruff-Pak et al., 2010; Kennard et al., 2013). 
Memories that require intact hippocampal function are specially compromised during 
aging (Burke and Barnes, 2006). In all species, forms of spatial memory are 
particularly vulnerable to aging and in aged individuals memories are retained for 
shorter periods of time (Kennard and Woodruff-Pak, 2011). However, despite these 
conserved age-related cognitive impairments, not much is known about the 
molecular mechanisms underlying these changes.  
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It is well established in rats (Dunnett et al., 1988; Winocur, 1988), monkeys (Bartus 
et al., 1978; Rapp et al., 1997) and Humans (Flicker et al., 1984) that during ageing 
recognition short-term memory impairments are observed in a delay-specific manner 
(Erickson and Barnes, 2003; Burke et al., 2012). If tested early after training no 
memory deficits are observed, only when aged animals are tested upon greater 
intervals short-term memory impairments arise. On the contrary contextual fear 
memory, is less vulnerable to aging (Foster et al., 2012). Although testing contextual-
fear memory in aged humans has been challenging in the past (Foster et al., 2012), 
recent evidence suggests that contextual-fear memory acquisition and recall are not 
affected during aging (Battaglia et al., 2018).  
Calcium dependent-signaling pathways seems to be dysfunctional in the 
hippocampus during aging. Age-associated changes in CREB activity and 
expression have been suggested and there is evidence indicating that upregulation 
of CREB levels or activity ameliorates age-related memory deficits (Bach et al., 
1999; Yu et al., 2017b). These results are in line with studies showing that learning-
induced phosphorylation of CREB is compromised in mice (Porte et al., 2008) and 
rats (Kudo et al., 2005; Monti et al., 2005). Conflicting results have emerged 
regarding the possible age-associated effects of baseline CREB levels. Studies have 
suggested no effects (Porte et al., 2008), decreases (Foster et al., 2001; Hattiangady 
et al., 2005) or increases (Monti et al., 2005) which hinder consensus. Alterations in 
the levels of transcriptional factors associated with memory formation might lead to 
compromised gene expression. Indeed impaired expression of IEGs and LRGs, such 
as Arc and Nptx2/Narp,  have been shown by several studies (Ryan et al., 2019b). 
Additional studies have also identified impairments in the regulation of other genes 
associated calcium signaling processes such as Arc, Egr1, Egr2, Nr4a1, Nr4a2, and 
Nr4a3 (Rowe et al., 2007; Penner et al., 2016) Recently, comparison of the 
hippocampal transcriptome of young adult and aged mice revealed that AP-1-
associated gene expression is also affected during aging (Stilling et al., 2014). 
Hence these changes suggest that molecular mechanisms that regulate both CREB 
and AP-1 transcriptional activity might be disrupted during aging. 
 
 27 
There is however high variability among studies in which genes seem to be 
consistently altered during aging. This heterogeneity might be due to compensatory 
mechanisms that differ among animals or different stages of the aging process that 
might differently impact gene expression. Accordingly, age-related changes in the 
brain transcriptome of different mammalian species are poorly correlated, thus 
challenging the discovery of mechanisms that lead to the well-established 
converging memory phenotypes (Zahn et al., 2007; Loerch et al., 2008).    
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1.5. Aim of the study 
 
In this thesis, we aimed to uncover the basic cellular and molecular mechanisms of 
short- and long-term memory storage as well and remote memory formation under 
physiological conditions and during cognitive aging. First, we sought out to uncover 
a putative role of Gadd45 proteins in processes of short and long-term memory 
formation and how these mechanisms might be affected during murine and human 
aging (Chapters 3.1, 3.2). Next, we investigated if DNA methylation-related 
mechanisms regulate alternative splicing events and their implications on memory-
associated gene expression (Chapter 3.3). Lastly, we investigated the contribution 
of an activity-dependent transcription factor activity for mechanisms of memory 








Chapter 2. Materials and methods 
2.1. Subjects 
3-months-old or 18-month-old C57BL/6J male mice (Janvier, Saint Berthevin, 
France) and male C57BL/6N mice (Charles River, Sulzfeld, Germany) that were 3-
months-old at the time of behavior experiments were used. Mice were always group-
housed (3-4 mice per cage), unless severe fighting occurred, and were housed on a 
12h light/dark cycle with ad libitum access to water and food, 22 ± 1°C, 55 ± 10% 
relative humidity. Cannulated animals were kept singly-housed after surgeries to 
avoid cannula removal. All behavioral experiments took place during the light phase. 
Sick and/or injured mice from cage-mate fighting were excluded from this study. 
Animals were randomly assigned to experimental groups and blinded analysis was 
performed. All procedures were carried out in accordance with German guidelines 
for the care and use of laboratory animals and with the European Community Council 
Directive 86/609/EEC. 
2.2. Postmortem human samples 
The use of human samples was conducted in accordance with the Helsinki 
Declaration as well as Portuguese and German ethical guidelines. Protocols were 
approved by the Local Ethics Committee and the National Data Protection 
Committee. The biospecimens were obtained 36h postmortem from healthy aged 
(60–65 years old) and young (21–22 years old) individuals (Temido-Ferreira et al., 
2018). The tissue was processed and preserved for molecular analyses as 
previously described (Pliassova et al., 2016). Sample acquisition and processing 
until cDNA production was performed by the laboratory of Dr. Luisa Vaqueiro Lopes, 
Lisbon, Portugal. 
2.3. Primary hippocampal cultures 
Hippocampal cultures from newborn C57Bl/6N mice (Charles River, Sulzfeld, 
Germany) were prepared by Iris Bünzli‑Ehret and maintained as previously 
described (Gulmez Karaca et al., 2020), except that growth medium was 
supplemented with B27 (Invitrogen/BRL,MA, USA) and 1% rat serum (vol/vol). 
Briefly, mice hippocampi were dissociated at P0 by papain digestion and plated onto 
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tissue culture dishes coated with poly-D-lysine and laminin (Sigma-Aldrich, Munich, 
Germany). The primary cultures were maintained for 8 days in Neurobasal-A 
medium (GibcoTM) supplemented with 1% rat serum (Biowest), 0.5mM L-glutamine 
(Sigma-Aldrich, Munich, Germany) and B27 (Gibco™), followed by incubation in salt-
glucose-glycine solution (10 mM HEPES, pH 7.4, 114 mM NaCl, 26.1 mM NaHCO3, 
5.3 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 30 mM glucose, 1 mM glycine, 0.5 mM 
C3H3NaO3, and 0.001% phenol red) and phosphate-free Eagle’s minimum 
essential medium (9:1 v/v), supplemented with insulin (7.5 μg/ml), transferrin 
(7.5 μg/ml), and sodium selenite (7.5 ng/ml) (ITS Liquid Media Supplement, Sigma-
Aldrich, Munich, Germany) and penicillin-streptomycin. rAAV infection of cultures 
occurred on day in vitro (DIV) 4. Infection rates, were determined by analyzing the 
respective transgene expression which ranged from 80-90%. Experiments were 
performed on DIV 10-11. To induce action potential bursting, cultures were treated 
with 50 μM bicuculline (Enzo Life Sciences, Germany) or 100 μM gabazine (Biotrend, 
Germany) during calcium imaging. DNA co-transfection was performed after a 
culturing period of 8 DIV using Lipofectamine 2000 (Invitrogen, CA, USA) as 
described previously (Pruunsild et al., 2011; Pruunsild et al., 2017). Doxycycline 
hyclate (25μM, Sigma-Aldrich) was introduced in the medium at DIV 8. N numbers 
represent independent cell preparations.  
2.4. Recombinant adeno-associated virus (rAAVs)  
Viral particles were produced and purified as described previously (Zhang et al., 
2007). Briefly, rAAVs were produced by co-transfection of human embryonic kidney 
(HEK) cell line 293 (ATCC, Manassas, Virginia) with the target AAV plasmid and 
helper plasmids (pF∆6, pRV1and pH21) using standard calcium phosphate 
precipitation. 60 h after transfection, HEK 293 cells were harvested and lysed. 
Finally, the viral particles were purified using heparin affinity columns (HiTrap 
Heparin HP; GE Healthcare, Uppsala, Sweden) and concentrated using Amicon 
Ultra-4 centrifugal filter devices (Millipore, Bedford, MA). Full list of viral constructs 
is shown in Table 2.1. For expression of shRNAs, we used a vector containing the 
U6 promoter upstream of the shRNA sequence (control, Gadd45β or Gadd45γ-
specific). The Control-shRNA, Gadd45β-shRNA, Gadd45γ-shRNA1 and Gadd45γ-
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shRNA2. Both the Control-shRNA and Gadd45γ-shRNA1 sequences have been 
previously described and validated (Zhang et al., 2009; Oliveira et al., 2012). 
Overexpression of Gadd45γ was achieved by using a viral vector that contained the 
mouse CamKII promoter upstream of the Gadd45γ full-length mouse cDNA 
sequence. As a control vector, we used a construct containing the CamKII promoter 
driving the expression of GFP. For the knockdown of MeCP2, we used a vector 
containing the U6 promoter upstream of the shRNAs (MeCP2-specific or control) 
sequence and a CamKIIα promoter driving mCherry expression (as an infection 
marker) as described previously (Gulmez Karaca et al., 2018). The dual-component 
TetON-based system containes the driver plasmid (developed and provided by Dr. 
Sidney Cambridge, Institute of Anatomy, University of Heidelberg) that expresses 
under the control of a neuron-specific promoter (hSynapsin), the transactivator 
(rtTA), the tetracycline repressor (TetR) and the fluorescent protein Kusabira Orange 
(KO) that serves as an infection marker. In the second construct human influenza 
hemagglutinin (HA)-tagged eGFP or full length Npas4 expression cassette is under 
the control of the tetracycline responsive promoter (TRE). For each virus batch 
produced, the infection rate, toxicity, viral titer and effectiveness of knockdown were 
checked before starting of experiments. Viral titers obtained after production of all 
viruses were similar and were matched to obtain final working concentrations of 1010-
12 viral particles/mL. At DIV10, infected hippocampal cultures were imaged using 
identical microscope settings for infection rate and toxicity analysis. The 
quantification was performed using Fiji (Schindelin et al., 2012). None of the viral 
batches used induced cell death. 








WPRE & bGHpolyA 
Gadd45γ-shRNA2 rAAV-U6-ATAGCGCTGCAGATCCATTTC-CMV/CBA-hrGFP-
WPRE/bGH polyA 
jRGECO1a rAAV-hSyn- jRGECO1a-WPRE/bGH polyA 
GFP rAAV-CamKII-GFP-WPRE/bGH polyA-ITR 






TRE- eGFP rAAV-TRE-eGFP-HA 
TRE-Npas4 rAAV-TRE-HA-Npas4 
 
2.5. Stereotaxic surgery 
For dorsal hippocampus targeting AAVs were injected at the following coordinates 
relative to Bregma: − 2 mm anteroposterior, ± 1.5 mm medio-lateral, − 1.7, − 1.9 and 
− 2.1 mm dorsoventral. A total volume of 1.5 μl was injected per hemisphere at 200 
nl/min; a 2:1 mixture of viral solution and 20% mannitol was used. Following 
injections at each individual site, the needle was left in place for 60s. For dorsal CA1 
targeting AAVs were injected at the following coordinates relative to Bregma: − 2 
mm anteroposterior, ± 1.5 mm medio-lateral, − 1.2 mm dorsoventral. A total volume 
of 0.5 μl (1:1 ratio of Driver and eGFP or Npas4) was injected per hemisphere at 100 
nl/min. Before and after injections at each individual site, the needle was left in place 
for 7min. At the time of behavioral experiments, the experimenter was blind to the 
identity of the virus injected into each mouse. Behavioral experiments started 2-3 
weeks after rAAVs delivery. After behavior, histological analysis was performed to 
confirm correct targeting and tissue and cellular integrity. Mice that showed absence 
or miss targeting of viral expression were excluded. For histological analysis, mice 
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were perfused with 4% paraformaldehyde (Sigma, Munich, Germany). The brains 
were collected and post-fixed in the same solution overnight, then placed into a 30% 
sucrose solution. Brain slices were cut at a thickness of 30 μm and incubated in 
Hoechst 33258 (2μg/ml, Serva, Heidelberg, Germany) for 5 min and mounted on 
glass slides. Slices were imaged with 10x objective mounted on a fluorescence 
microscope (Leica Microsystems). Identical microscope settings were used between 
different experimental groups.  
2.6. Behavior paradigms 
Before all behavioral tests, mice were habituated to the experimenter and behavioral 
room by handling for 3 or 5 consecutive days, 1.5-2 minute per mouse. Object-
location test and contextual fear conditioning were performed as previously 
described (Oliveira et al., 2012; Oliveira et al., 2016). Different mice cohorts were 
used to test long-term memory (24h), early short-term memory (5min) or late short-
term memory (1h). If in one experimental batch during the object-location test control 
animals did not show a preference, due to day effects, the whole set of animals was 
excluded from this analysis but was still included in contextual fear conditioning data.  
2.6.1. Object-place preference test 
First mice underwent a habituation session (6min), where they were placed in the 
training arena in the absence of objects. During training, the animals were exposed 
to two distinct objects (a glass bottle and a metal tower) and allowed to explore for 
6min during 3 trials with 3min inter trial intervals. During the testing session, that 
occurred 24h, 1h or 5min later, one object was moved to a new location and 
exploration of objects was scored for 6min.  
2.6.2. Open field test 
The open field test was carried within the first session of the object-place recognition 
training as previously described (Gulmez Karaca et al., 2018). Briefly this test was 
carried out using the Smart Video Tracking Software (Panlab, Harvard Apparatus). 
The center of the open field was defined as 33% of the total area of the apparatus 
(50cmx50cmx50cm), and the rest was defined to be periphery. Anxiety-like behavior 





 ) and locomotion of the mice was defined as the total distance travelled 
during training session. Open field software analysis was performed by Kübra 
Gülmez Karaca. 
2.6.3. Contextual fear conditioning 
Mice were allowed to explore the conditioning chamber for 2min and 28s until a 
0.5mA foot shock was administered for 2s, then animals remained for 30s before 
returning to their home cage. Remote memory training consisted on for 2min and 
28s of exploration and 3x 0.7mA shocks for 2s each, spaced for 2min and 28s, then 
animals remained for 30s before returning to their home cage. Recent memory 
training consisted in 2min and 28s of exploration until a 0.2mA footshock was 
administered for 2s, then animals remained for 30s before returning to their home 
cage. The testing session consisted on exposing the animals to the conditioning 
chamber for 5min in the absence of any shock. Mice tested for both behavior 
paradigms first underwent object-location test and one week later contextual fear 
conditioning was performed.  
2.7. Cannulation surgeries and pharmacology  
Mice were implanted with 26-gauge double guide cannula cut 1mm below pedestal 
(C235G-3.0/Spc, Plastics One, Bilaney) aimed at the CA1 region of the dorsal 
hippocampus at the stereotaxic coordinates: − 2 mm anteroposterior, ± 1.5 mm 
medio-lateral, − 1.2 mm dorsoventral. Cannulas were placed using HY-bond 
polycarboxylate cement (9917-1, Shofu) and 2-4 screws (00-96x1/16, Plastics One, 
Bilaney) and left to dry for 25min. After a dummy cannula without projection (c235g-
3 Plastics One, Bilaney) was placed inside the guide cannula to avoid clogging. The 
animals were allowed to recover from surgery for 7 days before experiments. At the 
time of drug delivery, internal infusion cannula (C235G-3, Plastics One, Bilaney) 
were tightly fitted into the guides and injections (0.5μl/side) of DL-2-amino-5-
phosphonopentanoic acid (DL-APV) (5μg/μl, 22.8mM), SCH23390 (5μg/μl, 15.4mM) 
or saline were performed at 200nl/min speed with a microinjection pump. The 
infusion cannulas were left in place for 60 additional seconds to minimize backflow. 
The placement of the cannulas was verified postmortem during tissue 
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microdissection. Only data from animals with correct implants were analyzed. 
Validation of cannula projection length and volume of drug administration was 
performed during a pilot study by infusing 0.2% methylene-blue and evaluating 
diffusion of the stained tissue over the hippocampal axis, the used amounts 
consistently targeted the dorsal CA1 region (data not shown). Intraperitoneal 
doxycycline (2.5mg in 500uL saline solution, 100mg/kg, Sigma) injections were 
performed 16h before contextual fear conditioning training. 
2.8. Luciferase reporter assays 
Assays were performed as described with alterations (Pruunsild et al., 2017). We 
used the following Firefly Luciferase expression vectors: pGL4.29[luc2P/CRE/Hygro] 
(Promega) that contains four CRE cis-elements and a minimal promoter (4×CRE-
pmin), a pGL4.44[luc2P/AP1 RE/Hygro] (Promega) that contains six copies of an 
AP-1 response element and a minimal promoter (AP-1 RE-pmin), the Npas4 reporter 
plasmid consisted in four Npas4 Responsive Element (TCGTG), a consensus 
binding motif for Npas4 and a minimal promoter [kindly provided by Dr.Yingxi Lin 
(Sun et al., 2020)]. Additionally, the plasmid pGL4.83h[RlucP/Puro] (Promega) that 
contains the human EF1a promoter in front of Renilla luciferase (Rluc) was used for 
normalization. On DIV 8, mouse primary hippocampal cultures in 48-well plates were 
changed to transfection medium. Lipofectamine 2000 (Thermo Fisher Scientific) was 
used for transfection according to the manufacturer’s instructions. Neurons were co-
transfected with one of the following constructs: Control-shRNA, Gadd45β-shRNA, 
Gadd45γ-shRNA-1, Gadd45γ-shRNA-2 and 4×CRE-pmin or AP-1 RE-pmin (all 1 
µg/well), together with Rluc (75 ng/well). DNA (µg): Lipofectamine 2000 (µl) ratio of 
1:2 in total of 25 µl/well. On DIV 10, Dual-Glo Luciferase Assay System (Promega) 
was used to measure Firefly luciferase (FFluc) and Renilla luciferase (Rluc) activity 
levels. Background signal measured from non-transfected cells was subtracted and 
FFluc levels were normalized to Rluc levels. Each condition was done in triplicate. 




2.9. Quantitative reverse-transcription PCR (TaqMan)  
RNA was isolated using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) with 
additional on-column DNase I digestion, according to the manufacturer’s 
instructions. For RNA isolation from mouse hippocampal tissue, the tissue was 
rapidly dissected and placed in RNAlater (Sigma, Munich, Germany). For the 
generation of complementary DNA, RNA was reverse transcribed with the High-
Capacity complementary DNA reverse-transcription kit (Applied Biosystems, Foster 
City, CA, USA). Quantitative reverse-transcription PCR (q-RT-PCR) was performed 
on a Step One Plus Real Time PCR System (Applied Biosystems, Foster City, CA, 
USA) using TaqMan gene expression assays (Applied Biosystems, Foster City, CA, 
USA) for the following mouse genes: Arc (Mm00479619_g1), Egr1 
(Mm00656724_m1), c-Fos (Mm00487425_m1), FosB (Mm00500401_m1), 
Gadd45α (Mm00432802_m1), Gadd45β (Mm00345123_m1), Gadd45γ 
(Mm00442225_m1), Npas4 (Mm00463644_m1), Nptx2/Narp (Mm00479438_m1) 
and Tgfb2 (Mm00436955_m1). Expression levels of target genes were normalized 
to the expression of the housekeeping gene GusB (Mm00446953_m1). Results 
were further normalized to uninfected conditions. In case of early-response genes 
(Arc and c-Fos) or late-response genes (Nptx2/Narp and Tgfb2) data was 
normalized to uninfected conditions at the expression peak, 2h or 6h of bicuculline 
treatment, respectively. Controls were used to exclude the possibility of DNA or RNA 
contaminations. Total RNA from human tissue was extracted and cDNA produced 
as previously described (Temido-Ferreira et al., 2018). The following TaqMan probes 
were used: Gadd45α (Hs00169255_m1), Gadd45β (Hs00169587_m1), Gadd45γ 
(Hs00198672_m1). Expression levels of target genes were normalized to the 
expression of the housekeeping β-actin (Hs01060665_g1). Controls were used to 
exclude the possibility of DNA or RNA contaminations. 
2.10. Quantitative reverse-transcription PCR (SYBR Green) 
RNA samples were obtained in our previous study (Gulmez Karaca et al., 2018) and 
were used for qRT-PCR validation. These included the samples analyzed by RNA-
seq and independent biological replicates. Total RNA was isolated from 
hippocampal tissue using the RNeasy Plus Mini Kit (Qiagen) with additional on-
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column DNase I digestion, according to the manufacturer’s instructions. cDNA was 
synthesized from 400 ng RNA using the Applied Biosystems High-Capacity 
Complementary DNA Reverse Transcription Kit (ThermoFisher Scientific). qRT-PCR 
was performed with the Power SYBR Green PCR Master Mix (Applied Biosystems) 
on a StepOnePlus Real-Time PCR System (Applied Biosystems). PCR reactions 
were run as technical triplicates in 10 µL reactions (96-well format) with a final primer 
concentration of 0.5 μM (each). 2 μL of diluted cDNA (~ 1.25 ng) were used per 
reaction. The following settings were used for thermo-cycling: 10 min 95°C, 40 cycles 
of 10s each 95°C, 60°C, 72°C followed by 15s incubation at 95°C. Melt curves were 
determined by subsequent heating from 60°C to 90°C with a ramp speed of 
0.6°C/min. Relative expression levels of each target transcript were determined by 
the ∆∆Ct method using beta-actin mRNA expression levels as reference/normalizer. 
In vivo samples were obtained by myself and Kübra Gülmez Karaca. Primer design, 
validation and RT-qPCRs were performed by Janina Kupke and Lukas Frank. 
2.11. Reverse transcription polymerase chain reaction 
PCR reactions were performed using Q5 High-Fidelity Polymerase (NEB) according 
to the manufacturer’s instructions with a final primer concentration of 0.5 μM (each) 
and ~1.25 ng of diluted cDNA. The following settings were used for thermo-cycling: 
30s 98°C, 30 cycles of 15s of 98°C, 20 s of 60°C, 20s of 72°C followed by 2min 
72°C. PCR products were visualized using 2% agarose gels. These experiments 
were performed by Janina Kupke. 
2.12. Western blotting 
Hippocampal cultures infected on DIV 4 were lysed on DIV 10 in boiling SDS sample 
buffer (160 mM Tris-HCl (pH 6.8), 4% SDS, 30% glycerol, 10 mM dithiothreitol, and 
0.02% bromophenol blue. The cell lysates were loaded into a 12% acrylamide gel 
and blotted onto a nitrocellulose membrane (GE Healthcare, Buckinghamshire, UK). 
In the case of western blotting of tissue samples, the dorsal hippocampus was 
microdissected from mouse brain and homogenized in RIPA buffer (150 mM NaCl, 
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) 
supplemented with 1% protease inhibitor cocktail (Sigma-Aldrich, Munich, Germany) 
and 1% phosphatase inhibitor cocktail II and III (Sigma-Aldrich, P5726, P0044), the 
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whole procedure was performed at 4oC. Protein concentration was measured by 
Bradford assay and 20 µg of protein was loaded on a 10% polyacrylamide gel after 
being denatured at 95oC for 5 min. After SDS-PAGE, gels were blotted onto a 
nitrocellulose membrane (GE Healthcare, Buckinghamshire, UK) and later blocked 
in 5% milk and probed with the following antibodies (Table 2.2.). Antibodies were 
diluted in 5% milk in PBS-T or in 5% BSA in PBS-T, if the antibodies targeted a 
phospho-variant. Next, the membranes were incubated with horseradish 
peroxidase-conjugated secondary antibodies and later analyzed using a 
ChemiDocTM Imaging System (Bio-Rad). Data is presented as ratio of 
phosphorylated/total protein normalized internally to each uninfected condition. 
Wester blots were mostly performed by myself with exceptions that are stated in 
figure legends. Contributions included Janina Kupke and Franziska Mudlaff.  





β-Actin 43 1:1000 
Santa Cruz, #SC-
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pATF2 70 1:2500 
Cell Signaling 
#9221 
ATF-2 70 1:250 Santa Cruz sc-242 
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Cell Signaling, 
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Cell Signaling 
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Cell Signaling, 
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pc-Jun 48 1:1000 
Cell Signaling, 
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# not available 
pp38 38 1:750 BD #612288 





55 1:400000 Sigma #t9026 
 
2.13. Calcium Imaging 
For calcium imaging experiments we used a viral vector that contained the human 
Synapsin promoter upstream of the recombinant calcium indicator jRGECO1a (Dana 
et al., 2016).  On DIV 4, primary hippocampal cultures were infected with jRGECO1a 
alone or co-infected with Control-shRNA, Gadd45β-shRNA, Gadd45γ-shRNA1 or 
Gadd45γ-shRNA2. On DIV 10-11, individual coverslips were transferred to a dish 
containing CO2-independent culture medium (CICM), at room temperature. 
Fluorescence was detected using a cooled charge-coupled device camera (iXon, 
Andor) through a 20x water immersion objective (LUMPlanFl/IR, Olympus) on an 
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upright microscope (BX51W1, Olympus). jRGECO1a-infected cells were identified 
by the presence of a strongly red fluorescent soma (excitation ~560). Data were 
collected using proprietary software (cellR, Olympus) and analyzed using ImageJ 
and IgorPro (Wavemetrics, Lake Oswego, OR). During imaging, cells on coverslips 
were transferred to an imaging chamber containing room-temperature CICM, and 
the GABAA receptor antagonist gabazine (100M), was applied to induce reliable 
action potential bursting and associated intracellular calcium rises. Fmax was 
measured in CICM containing 10M ionomycin, Fmin was measured in CICM for 2 
min before gabazine treatment. GFP+ cells were used to draw, with confidence, 
regions of interest for the analysis of somatic calcium responses. Calcium responses 
were quantified as a fraction of the binding affinity: [Ca2+]/Kd=
(F − Fmin)
(Fmax − F)
  (Mauceri et 
al., 2015). A total of 120 coverslips from 6 independent neuronal preparations were 
analyzed. 
2.14. RNA-Sequencing 
30 min after training in spatial object recognition task, the infected dorsal 
hippocampal tissue (identified by mCherry expression) was micro-dissected for 
RNA-seq analysis. Home-cage mice were not subjected to training, but 
dissected simultaneously with trained mice to account for time of the day differences. 
Total RNA was isolated using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) 
with additional on-column DNase I digestion according to the manufacturer’s 
instructions and 1 μg of total RNA from each sample was used for RNA-seq. Both 
differential gene expression (DEG) and differential alternative splicing (DAS) 
expression analysis was initially performed by GATC Biotech (Inview Transcriptome 
Discover, GATC Biotech AG, Constance, Germany) as previously described (Shen 
et al., 2012; Gulmez Karaca et al., 2018). In brief, paired-end sequencing libraries 
prepared from total RNA (see above) were sequenced on an Illumina HiSeq4000 
platform. After removal of poor quality and single reads without mates, reads were 
aligned to the GRCm38/mm10 mouse genome assembly with TopHat/Bowtie 
(Langmead et al., 2009) guided by the Ensembl v85 transcript annotation, yielding 
between ~73-101 million mapped reads per sample. DEG analysis was conducted 
 41 
using Cufflinks/Cuffdiff (Trapnell et al., 2012) which computes per gene FPKM 
values to then test for differential expression between conditions. DAS analysis was 
conducted using multivariate analysis of transcript splicing (MATS) (Shen et al., 
2012). TopHat/Bowtie aligned reads were used as input for MATS which compares 
splicing patterns by considering exon-exon junction read counts for transcript 
variants of a gene. For differential alternative splicing and statistical testing, MATS 
relies on a multivariate uniform prior to model the between-sample correlation in 
exon splicing patterns, and a Markov chain Monte Carlo method coupled with a 
simulation-based adaptive sampling procedure to calculate the p-values and false 
discovery rates (FDR). A Padjusted<0.05 (FDR adjusted P-value) was used as a cut-
off for DAS. DASs above the cutoff were analyzed for enrichment of gene ontology 
(GO) terms and pathways using database for annotation, visualization and 
integrated discovery (DAVID) v6.8 (Huang da, Sherman, & Lempicki, 2009a, 2009b). 
Default settings of DAVID were chosen except that the background database was 
restricted to the pool of genes annotated in our RNA-seq analysis (Gulmez Karaca 
et al., 2018). Only gene enriched terms with a -log10 P-value<3 (pvalue<0.001) were 
considered significant. Delta “percent spliced in” (ΔPSI) distribution for two groups 
considered only DAS events detectable in both conditions tested as DAS events 
detected only in one of the comparisons were not categorized as unique or common. 
The DEGs identified in our previous study (Gulmez Karaca et al., 2018) were used 
for overlap analysis between DEGs and DAS. 
2.15. Gene expression omnibus (GEO) accession  
The RNA-seq data for alternative splicing analyzed in this study is publicly available 
at the National Center for Biotechnology Information (NCBI) Gene Expression 
Omnibus with the accession number GSE107004. 
2.16. Primer design 
Splice variant specific qRT-PCR and gel shift assay primers were designed with 
Primer3 (http://primer3.ut.ee) using the RefSeq curated (if available) or the 
GENCODE VM23 comprehensive transcript annotation and the GRCm38/mm10 
mouse genome assembly. Primer specificity and amplicon product sizes were 
confirmed by BLAST Search and in silico PCR (UCSC Genome Browser, mm10). 
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Primer pair efficiencies and product melting curves were experimentally validated by 
qRT-PCR on serially diluted cDNA from primary mouse hippocampal cultures. 
Primers were designed by Janina Kupke and Lukas Frank. 
 
2.17. Experimental Design and Statistical Analysis  
Each set of experiments contained mice injected with control or experimental viruses 
and were randomized per cage (i.e., each cage of four mice contained mice injected 
with control or experimental viruses). After stereotaxic surgery and until the end of 
each experiment, the experimenter was blind to the identity of the virus injected into 
each mouse. For normally distributed data sets, two-tailed unpaired Student’s t tests 
were used to compare two groups. If more than two groups were analyzed 
simultaneously, a one- or two-way ANOVA was used followed by appropriate 
multiple comparison post hoc tests to control for multiple comparisons as specified. 
Normally distributed significant data was marked with *. In case of a non-Gaussian 
distribution, two-tailed Mann-Whitney tests were used to compare two distinct groups 
or a Kruskal-Wallis test followed by Dunn´s post hoc test to compare more than 2 
groups. Non-normal distributed significant data was marked with #. The sample size 
was determined based on similar experiments carried-out in the past and in the 
literature. All plotted data represent mean ± SEM. Statistical analysis was performed 
using GraphPad Prism for Mac OS X, version 8. For behavioral experiments the 
investigators were blind to group allocation during data collection and analysis. All 
behavioral sessions were video recorded and manual scoring by an experimenter 
blind to the group identity was performed to determine the exploration of objects 
during training and testing phases or freezing behavior. For in vitro experiments no 
blinding was performed since the outcome was dependent on software analysis and 





Chapter 3. Results 
In this thesis, we aimed to uncover molecular mechanisms required for proper 
cognitive function under physiological conditions and during cognitive aging. To 
address this question, we first investigated the functional role of the Gadd45 family 
of proteins in plasticity and memory and during murine aging (Section 3.1). Next, we 
evaluated changes in expression of Gadd45 proteins during human aging and its 
consequences to memory processes in the mouse brain (Section 3.2). Afterwards, 
we examined the requirement for a DNA methylation reader in the mouse 
hippocampus for learning-associated alternative splicing (Section 3.3). Lastly, we 
probed the function of a memory-induced transcription factor for memory persistence 
(Section 3.4).  
 
3.1. Murine age-associated Gadd45γ decrease is linked to cognitive and 
signaling impairments in mice 
In this section we hypothesized that Gadd45 proteins might contribute to age-
associated cognitive decline. We first analyzed possible changes in expression of 
these proteins during murine aging and later using rAAVs to model changes in 
Gadd45 expression in the hippocampus of young adult mice. This strategy allowed 
to uncover the physiological role of Gadd45 proteins in cognition by loss-of-function 
approaches, while simultaneously generating translational data to the aged brain.  
The results presented in this section are based on (Brito et al., 2020b) and were 
originally written by the author of this thesis. 
 
3.1.1. Aging reduces Gadd45γ expression in the mouse hippocampus 
To investigate a possible link between Gadd45 family members and aging-related 
cognitive decline, we examined whether aging induces alterations in the expression 
of Gadd45 family members. We compared Gadd45α, Gadd45β and Gadd45γ mRNA 
expression in the dorsal hippocampus of young adult and aged mice, which we have 
previously shown to have impaired long-term memory (Oliveira et al., 2012). 
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Specifically, we performed qRT-PCR analysis from isolated dorsal hippocampus 
(dHPC) tissue of young and aged mice that underwent training in an object 
recognition test or remained in home-cage (HC) conditions (Figure 3.1A). Young 
adult mice showed similar Gadd45α baseline and trained levels. In contrast, training 
induced the expression of Gadd45β and Gadd45γ in young adult mice (Figure 3.1B-
D). These findings are in agreement with previous studies showing that the 
expression of Gadd45β and Gadd45γ is regulated by neuronal activity (Ma et al., 
2009; Leach et al., 2012; Sultan et al., 2012). Interestingly, we found that dHPC 
Gadd45γ levels were reduced in aged mice, both in HC and trained conditions 
(Figure 3.1D). This impairment was Gadd45γ specific as Gadd45α and Gadd45β 
levels were similar in young adult and aged mice. Both groups decreased their 
exploration during the training sessions and presented comparable total object 
exploration times (Figure 3.1E,F). Thus, these findings reveal that Gadd45γ 
expression is compromised in the dorsal hippocampus of aged mice and suggest a 
role in age-related cognitive decline.    
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Figure 3.1. Gadd45γ expression is decreased in the hippocampus of aged mice. A) Schematic 
representation of the experimental design. HC: home cage, dHPC: dorsal hippocampus. B-D) qRT-
PCR analysis of B) Gadd45α, C) Gadd45β and D) Gadd45γ expression in the dorsal hippocampus 
of young adult and aged mice in home-cage (HC) conditions or 30 minutes after training in the object 
location test. Young HC (n=5 mice), Young trained (n=5 mice), Aged HC (n=3 mice), Aged trained 
(n=4 mice). Expression levels are normalized to young HC levels (dashed line). E) Total exploration 
time during object placement task. F) Total exploration time of both objects during each trial session 
of the object placement task. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by one-way ANOVA test 
followed by Bonferroni post hoc test with pairwise comparisons, ns: not significant. Error bars 
represent SEM. 
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3.1.2 Reduced Gadd45γ levels impair memory formation in young adult 
mice 
Given our finding that Gadd45γ expression is reduced in the hippocampus of 
cognitively impaired aged mice, we hypothesized that reducing Gadd45γ expression 
in the hippocampus of young adult mice would promote memory deficits. To explore 
this hypothesis, we generated recombinant adeno-associated viruses (rAVV) to 
deliver a control shRNA (Control-shRNA), or a previously characterized Gadd45γ-
specific shRNA (Gadd45γ-shRNA1). We used the rAAV1/2 serotype to preferentially 
knock down Gadd45γ in neurons given its established neuronal tropism (Xu et al., 
2001). Additionally, a Gadd45β-specific shRNA sequence (Gadd45β-shRNA) was 
designed to compare the functions of the two family members. The viral constructs 
also contained an expression cassette for the humanized renilla reniformis green 
fluorescent protein (hrGFP) under control of the chicken β-actin promoter that served 
as an infection marker (Figure 3.2A). Infection rates in primary hippocampal cultures 
were determined by analyzing the percentage of hrGFP+ cells, which ranged from 
80-90% (Figure 3.2B). qRT-PCR analysis revealed that both Gadd45β-shRNA- and 
Gadd45γ-shRNA1-infected neurons showed a significant and specific decrease in 
Gadd45β and Gadd45γ mRNA expression compared to control conditions. This 
effect was present both in baseline conditions and upon induction of action potential 
bursting by treatment with the GABAA receptor antagonist, bicuculline (Figure 3.2D 
and E). Having established the effectiveness of our knockdown tools, we sought to 
test if Gadd45β or Gadd45γ knockdown affects locomotor activity or anxiety-like 
behavior (tendency to thigmotaxis). We employed stereotaxic surgery to deliver 
rAAV-Control-shRNA, rAAV-Gadd45β-shRNA or Gadd45γ-shRNA1 into the dHPC 
of young adult mice and performed an open field test two weeks later (Figure 3.2F). 
We confirmed robust viral-mediated expression in the dHPC of injected animals by 
assessing GFP expression (Figure 3.2G). No gross anatomical and histological brain 
changes were observed in Gadd45β or Gadd45γ knockdown conditions. We did not 
find a significant difference between the three groups in the total distance travelled 
or the percentage of the time spent in the central zone (Figure 3.2H-J). Thus, our 
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model allows the evaluation of cognitive functions without confounds originating from 




Figure 3.2. Characterization of rAAV constructs for shRNA efficiency. A) Schematic 
representation of the viral constructs used. The viral vector contains a U6 promoter driving either 
Gadd45β-specific (Gadd45β-shRNA), Gadd45γ-specific (Gadd45γ-shRNA1) or control (Control-
shRNA) shRNA sequences and a cytomegalovirus CMV/chicken β-actin (CBA) hybrid promoter 
driving GFP as an infection marker. bGH polyA: Bovine growth hormone polyadenylation signal. ITR: 
inverted terminal repeat, WPRE: Woodchuck Hepatitis virus post-transcriptional regulatory element. 
B) Representative images of GFP+ cultured hippocampal cells infected with Control-shRNA, 
Gadd45β-shRNA or Gadd45γ-shRNA1. Scale bar=40µm. C) Schematic representation of the in vitro 
experimental design. qRT-PCR analysis of Gadd45α, Gadd45β, and Gadd45γ expression D) under 
baseline conditions (n=3-5 independent neuronal cultures) or E) after 2h bicuculline treatment (n=3-
4 independent neuronal cultures). Expression levels were normalized to the corresponding baseline 
or bicuculline treated uninfected controls (dashed line). DIV: day in vitro, **p<0.01, ***p<0.001 by 
Two-tailed unpaired Student’s t-test. F) Schematic representation of the in vivo experimental design. 
dHPC: dorsal hippocampus. G) Representative images of the dorsal hippocampus of Control-shRNA, 
Gadd45β-shRNA, or Gadd45γ-shRNA1 groups 4 weeks after stereotaxic surgery. Scale bar=100µm. 
H) qRT-PCR analysis of Gadd45β and Gadd45γ expression in the dorsal hippocampus of Gadd45β-
shRNA- (n=8 mice) or Gadd45γ-shRNA1- (n=9 mice) injected mice 30 minutes after object-location 
training normalized to Control-shRNA (n=9 or 10 mice (dashed line). I) Representative exploration 
traces of all groups during the open field test. Locomotion analysis of J) Control-shRNA (n=11 mice) 
vs. Gadd45βsh-RNA groups (n=12, mice) and K) Control-shRNA (n=14, mice) vs Gadd45γ-shRNA 
groups (n=14, mice), quantified as the total distance travelled during the open field test. Anxiety-like 
behavior, quantified as the percentage of time spent in the center of the arena during the open field 
test of L) Control-shRNA (n=12 mice) vs. Gadd45βsh-RNA groups (n=12 mice) and M) Control-
shRNA (n=14 mice) vs Gadd45γ-shRNA groups (n=14 mice). Two-tailed unpaired Student’s t-test; 
ns: not significant. Error bars represent SEM. Open field analysis was performed by Kübra Gülmez 
Karaca. 
Since aging is associated with hippocampus-dependent memory impairments 
(Erickson and Barnes, 2003; Weber et al., 2015), we subjected mice to 
hippocampus-dependent memory tasks (Figure 3.3A). Decreasing Gadd45β levels 
did not change the preference for the displaced object 24h after training in the object-
place recognition test (Figure 3.3B left graph). In contrast, Gadd45γ-shRNA1 
animals showed an impaired preference for the displaced object 24h after training 
(Figure 3.3B right graph). This impairment was not due to altered habituation 
patterns during the training trial sessions or to differences in object exploratory 
behavior (data not shown). Next, we tested the same cohort of animals in contextual 
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fear conditioning. Similarly, to what we observed in the object-place recognition test, 
the Gadd45β-shRNA group did not show long-term memory impairments (Figure 
3.3C left graph). Knockdown of Gadd45γ in the dHPC of young adult mice, however, 
promoted long-term memory deficits in contextual fear memory 24h after training 
(Figure 3.3D right graph). This impairment was not a result of distinct responsiveness 
to the shock administration between the groups during the training session. Hence, 
this set of experiments shows that Gadd45γ is required for hippocampus-dependent 
long-term memory formation.  
We next subjected mice to the same hippocampus-dependent memory tasks as 
above, but this time employed shorter time delays between training and testing to 
evaluate short-term memory (1h or 5min delay after training) (Figure 3.3F). In line 
with the above-mentioned findings, Gadd45β knockdown mice showed intact 
memory compared to control animals in both tasks (Figure 3.3G,I). In contrast, mice 
transduced with Gadd45γ-shRNA1 showed short-term memory impairments in 
locating the displaced object in the object location test 1h after training (Figure 3.3H). 
These effects were specific to object location memory since no deficits were 
observed in contextual fear conditioning (Figure 3.3J). Knocking-down Gadd45γ did 
not promote memory impairments when a recall session was performed 5min after 
object-place recognition training or contextual fear conditioning, showing that 
memory acquisition and early short-term memory are not compromised in Gadd45γ-
shRNA1 animals (Figure 3.3K,L). Altogether this set of experiments indicates that 
hippocampal Gadd45γ is required for long-term memory and late stages of short-
term recognition memory. Interestingly, mimicking the aging-associated reduction in 
Gadd45γ expression levels in the young adult mouse hippocampus seems to 
phenocopy previously described age-like memory impairments (Erickson and 
Barnes, 2003; Kennard and Woodruff-Pak, 2011; Burke et al., 2012). Rodents, 
monkeys, and humans show task-specific and delay-specific short-term memory 
impairments during aging (Erickson and Barnes, 2003; Burke et al., 2012). In 
contrast to contextual fear condition, tasks that assess forms of recognition memory 





Figure 3.3. Reducing hippocampal Gadd45γ levels in young adult mice impairs long-memory 
and short-term memory in a delay-specific manner. A) Schematic representation of the 
experimental design for long-term memory tests. dHPC: dorsal hippocampus. 24h object location 
memory test of young adult mice expressing B) Control-shRNA (n=8 mice), Gadd45β-shRNA (n=8 
mice), or C) Control-shRNA (n=12 mice) Gadd45γ-shRNA1 (n=13 mice) in the dHPC. The dashed 
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line represents equal preference for either object (chance preference).  24h contextual fear memory 
test of young adult mice expressing D) Control-shRNA (n=8, mice), Gadd45β-shRNA (n=8, mice), or 
E) Control-shRNA (n=16, mice), Gadd45γ-shRNA1 (n=15, mice) in the dHPC. F) Schematic 
representation of the experimental design for short-term memory tests. dHPC: dorsal hippocampus. 
1h object location memory test of young adult mice expressing G) Control-shRNA (n=7 mice), 
Gadd45β-shRNA (n=7 mice), or H) Control-shRNA (n=5 mice), Gadd45γ-shRNA1 (n=5 mice) in the 
dHPC.  1h contextual fear memory test of young adult mice expressing I) Control-shRNA (n=7 mice), 
Gadd45β-shRNA (n=8 mice), or J) Control-shRNA (n=8 mice), Gadd45γ-shRNA1 (n=8, mice) in the 
dHPC. 5min object location memory test K) and contextual fear conditioning test L) of young adult 
mice expressing Control-shRNA (n=6 mice) or Gadd45γ-shRNA1 (n=6 mice) in the dHPC. *p<0.05, 
**p<0.01 by two-tailed unpaired Student’s t-test, ns: not significant. Error bars represent SEM. 
3.1.3 Gadd45γ regulates MAPK signaling and downstream transcription 
factor activation 
Gadd45 family members are known to regulate MAPK signaling cascades in several 
tissues outside of the nervous system through the interaction with kinases upstream 
of JNK and p38 MAPK, but not ERK (Takekawa and Saito, 1998; Tornatore et al., 
2008). Considering that both short- and long-lasting neuronal adaptive responses 
have been suggested to require JNK/p38 activity (Alonso et al., 2003; Bevilaqua et 
al., 2003; Guan et al., 2003; Sherrin et al., 2010; Giese and Mizuno, 2013; Morel et 
al., 2018), and Gadd45γ regulates these pathways, we next asked whether Gadd45 
regulates MAPK signaling in hippocampal neurons. We addressed this by knocking 
down Gadd45β or Gadd45γ expression in primary hippocampal cultures and by 
measuring the phosphorylation levels of JNK, p38 and ERK in response to increased 
neuronal activity (Figure 3.4A). To rule out possible off-target effects we confirmed 
our findings with a second Gadd45γ-specific shRNA sequence (Gadd45γ-shRNA2). 
Infection rates and functional knock-down of this rAAV were similar to previously 
validated shRNAs (Figure 3.4B-D). Reduction of Gadd45β expression did not affect 
JNK, p38 and ERK phosphorylation levels compared to control conditions (Figure 
3.4E-H). In contrast, reduced Gadd45γ resulted in impaired JNK and p38 
phosphorylation (Figure 3.4E-G), whereas ERK phosphorylation was not affected 
(Figure 3.4E,H).  
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Figure 3.4. Gadd45γ regulates MAPK signaling in mouse hippocampal cultures. A) Schematic 
representation of the experimental design. DIV: day in vitro. B) Schematic representation of Gadd45γ-
shRNA2 viral construct. The viral vector contains a U6 promoter driving Gadd45γ-specific (Gadd45γ-
shRNA2) and a cytomegalovirus (CMV)/chicken β-actin (CBA) hybrid promoter driving GFP as an 
infection marker. Representative images of cultured hippocampal cells infected with this virus are 
shown. Scale bar=40µm. bGH polyA: Bovine growth hormone polyadenylation signal. ITR: inverted 
terminal repeat, WPRE: Woodchuck Hepatitis virus post-transcriptional regulatory element. C) 
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Schematic representation of the experimental design. DIV: day in vitro. D) qRT-PCR analysis of 
Gadd45α (n=2 independent neuronal cultures), Gadd45β (n=5 independent neuronal cultures), and 
Gadd45γ (n=5 independent neuronal cultures) expression levels in hippocampal cultured cells 
infected with Control-shRNA or Gadd45γ-shRNA2 under basal conditions (left) or after 2h bicuculline 
treatment (right). Expression levels were normalized to the corresponding uninfected controls in 
baseline conditions or upon bicuculline treatment (dashed line). E) Representative immunoblot scans 
using phosphospecific and total protein antibodies in hippocampal cultures infected with rAAV 
expressing Control-shRNA, Gadd45β-shRNA, Gadd45γ-shRNA1 or Gadd45γ-shRNA2. 
Hippocampal cultures were harvested at baseline conditions or after 1h of bicuculline treatment. 
Immunoblot quantification of F) p38 (n=5-8 independent neuronal cultures) G) JNK (n=5-8 
independent neuronal cultures) and H) ERK (n=4-7 independent neuronal cultures) presented in 
ratios of phosphorylated / total protein normalized to corresponding uninfected 1h bicuculline 
condition (dashed line). *p<0.05, ***p<0.001, ****p<0.0001 by two-tailed unpaired Student’s t test, ns: 
not significant. Error bars represent SEM. Western Blots were partially performed by Janina Kupke. 
To further explore the functional consequences of Gadd45γ reduction, we analyzed 
the phosphorylation of transcription factors downstream of JNK and p38, such as 
ATF-2/CREB2, c-Jun, and CREB (Figure 3.5A). We observed that in Gadd45β-
shRNA conditions, the phosphorylated forms of these transcription factors were 
similar to controls (Figure 3.5B-E). However, the phosphorylation of c-Jun, ATF-2 
and CREB was significantly diminished when Gadd45γ levels were reduced (Figure 
3.5B-E). These findings provide evidence that Gadd45γ regulates MAPK signaling 




Figure 3.5. Gadd45γ regulates the phosphorylation of downstream transcription factors in 
hippocampal mouse neuronal cultures. A) Schematic representation of the experimental design. 
DIV: day in vitro. B) Representative immunoblot scans using phosphospecific and total protein 
antibodies in hippocampal cultures infected with rAAV expressing Control-shRNA, Gadd45β-shRNA, 
Gadd45γ-shRNA1 or Gadd45γ-shRNA2. Hippocampal cultures were harvested at baseline 
conditions or after 1h of bicuculline treatment. Immunoblot quantification of C) ATF-2 (n=4-6 
independent neuronal cultures) D) c-Jun (n=5-6 independent neuronal cultures) and E) CREB (n=5-
7 independent neuronal cultures) presented in ratios of phosphorylated / total protein normalized to 
uninfected 1h bicuculline condition (dashed line). *p<0.05, **p<0.01, ***p<0.001 by two-tailed 
unpaired Student’s t test, ns: not significant. Error bars represent SEM. Western Blots were partially 
performed by Janina Kupke. 
3.1.4 Gadd45γ regulates CRE and AP -1 transcriptional activity and 
downstream activity-dependent gene transcription 
Given the disruption in the phosphorylation of CREB and in the components of AP-
1 complex [c-Jun, ATF-2, Fos (Alberini, 2009)], we next aimed at testing whether 
Gadd45γ reduction would impair AP-1- and CREB-dependent transcriptional activity. 
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This analysis was further motivated by the established roles of CREB and AP-1 in 
memory formation (Alberini, 2009) and by studies linking CREB dysfunction and 
aging (Benito and Barco, 2010; Oliveira and Bading, 2011; Yu et al., 2017b; Yu et 
al., 2017a). We performed luciferase reporter assays using a reporter plasmid 
containing the firefly luciferase under the control of CRE or AP-1 binding sites in 
primary hippocampal cultures (Figure 3.6A). To this end, we co-transfected 
constructs encoding CRE-luciferase or AP-1-luciferase and Control-shRNA, 
Gadd45β-shRNA, Gadd45γ-shRNA1, or Gadd45γ-shRNA2 (Figure 3.6B). 
Luciferase activity was assessed both under basal conditions and after induction of 
neuronal activity (Figure 3.6C,D). In agreement with our data showing regulation of 
MAPK signaling specifically by Gadd45γ, Gadd45β reduction did not affect CRE or 
AP-1 transcriptional activity (Figure 3.6C,D). In contrast, reducing Gadd45γ 
expression significantly impaired luciferase expression in both assays (Figure 
3.6C,D). These results revealed that Gadd45γ expression is required for baseline 
AP-1 and activity-induced AP-1 and CRE transcriptional activity. To determine 
whether Gadd45γ regulates the expression of endogenous CRE and AP-1 target 
genes, we monitored the expression of CREB- (Impey et al., 2004) (Arc and c-Fos) 
and AP-1-dependent genes (Malik et al., 2014) (Nptx2/Narp and Tgfb2) that are 
regulated by synaptic activity and which expression has been shown to be 
dysregulated with aging (Arc and Nptx2/Narp) (Ryan et al., 2019b) (Figure 3.6E). 
CREB- and AP-1-dependent gene expression was disrupted in response to 
increased neuronal activity in Gadd45γ knockdown conditions (Figure 3.6F-I). 
Moreover, in line with luciferase assays, CREB target genes were predominantly 
decreased in an activity-dependent manner while AP-1-target genes showed 
consistent baseline and activity-dependent decreases when Gadd45γ was reduced. 
Gadd45β knockdown did not promote any changes in gene expression compared to 
control conditions. These results show that Gadd45γ regulates CREB- and AP-1-
dependent gene expression in neurons. It should be noted that cross-talk between 
both signaling pathways may occur since we detected deficits in c-Fos expression, 
a component of the AP-1 complex (Alberini, 2009).  
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Figure 3.6. Gadd45γ regulates CREB and AP-1 activity and downstream gene expression in 
mouse hippocampal cultures. A) Schematic representation of the experimental design. DIV: day in 
 58 
vitro. B) Representative images of hippocampal cultured cells co-transfected with Control-shRNA, 
Gadd45β-shRNA, Gadd45γ-shRNA1, or Gadd45γ-shRNA2 and luciferase reporter plasmids. Scale 
bar=40µm. Luciferase reporter assays were performed using dissociated hippocampal cultures co-
transfected with Control-shRNA, Gadd45β-shRNA, Gadd45γ-shRNA1, or Gadd45γ-shRNA2 
constructs, and reporter plasmids expressing firefly luciferase (FFluc) under the control of C) CRE 
(n=5 independent neuronal cultures) or D) AP-1 (n=7 independent neuronal cultures) transcriptional 
activity. C,D) Shown is luciferase activity as measured from untreated hippocampal cultures and 
cultures treated for 6h or 18h with bicuculline. Values are normalized to Control-shRNA condition 
treated with bicuculline for the respective time duration (6h or 8h), (dashed line). E) Schematic 
representation of the experimental design for qRT-PCR analysis ofthe expression of the CREB-
dependent genes F) Arc (n=7-8 independent neuronal cultures) and G) c-Fos (n=6-8, independent 
neuronal cultures) or the AP-1-dependent genes H) Nptx2/Narp (n=6-7 independent neuronal 
cultures) and I) Tgfb2 (n=6-7 independent neuronal cultures). Hippocampal cultures were harvested 
at baseline conditions or after 2h, 4h or 6h of bicuculline treatment. Uninfected controls treated with 
bicuculline were used for normalization at the corresponding peak of gene expression: 2h (Arc and 
c-Fos) or 6h (Nptx2/Narp and Tgfb2) (dashed line). DIV: day in vitro, *p<0.05, **p<0.01, ***p<0.001 
and ****p<0.0001 by one-way ANOVA test followed by Sidak’s or Dunnett's post hoc test with pairwise 
comparisons and #p<0.05, ##p<0.01 and ###p<0.001 Kruskal-Wallis test followed by Dunn´s post hoc 
test was used for non-gaussian distribution. ns: not significant. Error bars represent SEM.  
To confirm that the effects seen in MAPK signaling and downstream transcription 
factor activity were directly dependent on Gadd45γ function and not due to an overall 
disruption of neuronal responses and/or calcium-dependent signaling pathways, we 
assessed calcium rises triggered by neuronal activity. We measured intracellular 
calcium dynamics using the genetically encoded calcium indicator jRGECO1a 
(Figure 3.7A) in primary hippocampal cultures co-infected with the above-described 
shRNA constructs), which has high sensitivity in dissociated neurons. Co-expression 
of shRNA constructs and jRGECO1a was reliably determined using GFP/mCherry 
fluorescence, and only GFP+ cells were analyzed. Neurons were treated with the 
GABAA antagonist gabazine to induce action potential bursting (Figure 3.7B-D). No 
differences in the amplitude (Figure 3.7E) or frequency (Figure 3.7F) of action 
potential bursts were detected in Gadd45β-shRNA-, Gadd45γ-shRNA1-, or 
Gadd45γ-shRNA2-infected neurons. This set of experiments indicates that deficits 
in MAPK signaling and activity-dependent gene expression promoted by Gadd45γ 
reduction are not explained by altered calcium responses to neuronal activity. This 
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supports the hypothesis that, similar to its function in other cell types (Takekawa and 
Saito, 1998; Tornatore et al., 2008), Gadd45γ directly regulates MAPK signaling in 
neurons. 
 
Figure 3.7. Gadd45γ reduction does not alter calcium dynamics in response to neuronal 
activity. A) Schematic representation of the viral constructs used. The viral vector driving jRGECO1a 
expression does so under control of the human synapsin (hSyn) promoter.  Neuronal cultures were 
either singly infected with jRGECO1a or co-infected with jRGECO1a and Control-shRNA, Gadd45β-
shRNA, Gadd45γ-shRNA1, or Gadd45γ-shRNA2. bGH polyA: Bovine growth hormone 
polyadenylation signal. ITR: inverted terminal repeat, WPRE: Woodchuck Hepatitis virus post-
transcriptional regulatory element. B) Schematic representation of the experimental design. DIV: day 
in vitro. C) Images of representative cultured hippocampal cells infected with jRGECO1a at baseline 
or after ionomycin treatment. Scale bar=40µm. D) Representative traces showing the first gabazine-
evoked burst of all groups. E) Amplitude (n=6 independent neuronal cultures) and F) frequency (n=6 
independent neuronal cultures) of evoked action potential bursts during gabazine treatment in all 
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groups. One-way ANOVA test followed by Sidak's Multiple Comparisons Test with pairwise 
comparisons was used, ns: not significant. Error bars represent SEM.  
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3.2. Human age-related Gadd45γ increase is associated with cognitive 
and plasticity impairments in mice  
In this section we evaluated if Gadd45 expression is compromised similarly to what 
we detected in the mouse brain. First using post-mortem hippocampal tissue from 
young and aged subjects we analyzed changes in Gadd45 expression and modeled 
detected changes in the hippocampus of young adult mice. This strategy revealed 
that similarly to our previous findings (Brito et al., 2020b) Gadd45 expression is 
altered in Human aging which is associated with impaired memory and plasticity 
events.  The results presented in this section are based on (Brito et al., 2020c) and 
were originally written by the author of this thesis. 
3.2.1. Aging increases Gadd45γ expression in the human hippocampus  
Aberrant gene expression patterns are an evolutionarily conserved hallmark of 
aging. However, no overall correlation between age-associated gene expression in 
mice and humans has been detected (Zahn et al., 2007). We asked whether 
Gadd45γ expression in human aged hippocampus would be compromised as 
observed in mice (Brito et al., 2020b). We analyzed the expression of Gadd45 family 
members in young and aged human hippocampi as previously described (21–65 
years old) (Temido-Ferreira et al., 2018) (Figure 3.8A). We did not find any 
correlation between age and Gadd45α expression. Interestingly, we found a 
significant positive correlation between age and increased hippocampal Gadd45β 
and Gadd45γ levels (~4.8 and ~8.6 fold, respectively). This result suggests that age-
related Gadd45 expression changes in the hippocampus is not conserved in mice 
and humans.  
3.2.2. Increase in Gadd45γ expression leads to impairments in spatial 
recognition memory 
Next, we aimed to model the human-specific aging conditions in the mouse 
hippocampus and determine the cellular and behavioral consequences of neuronal 
Gadd45γ overexpression. We focused on Gadd45γ given previous studies that 
showed a selective function for Gadd45γ in memory formation (Li et al., 2018; Brito 
et al., 2020b). We delivered by stereotaxic surgery a viral vector containing the 
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mouse CamKIIα promoter driving the expression of Gadd45γ or GFP as a control 
into the dorsal hippocampus (dHPC) of young adult mice (Figure 3.8B). We validated 
dHPC viral expression by assessing GFP expression and Gadd45γ mRNA levels 
(Figure 3.8C-D). Neither groups showed anatomical or histological brain 
abnormalities. Two weeks after stereotaxic surgery, before assessing cognitive 
function, we conducted an open field test (Figure 3.8E) to verify whether Gadd45γ 
overexpression affects locomotor activity or anxiety-like behavior. Total distance 
travelled and the percentage of the time spent in the central zone were similar 
between groups (Figure 3.8F-H). Next, we assessed long-term memory in the object-
place recognition test and contextual fear conditioning. Increasing Gadd45γ 
expression in the dHPC of young mice impaired preference for the displaced object 
24h after learning (Figure 3.8I). In contrast, Gadd45γOE mice showed intact long-
term memory in contextual fear conditioning (Figure 3.8J). Impairment in the object-
place recognition test was not due to altered habituation patterns during the training 
trial sessions or altered object exploratory behavior (Figure 3.8K-L). Importantly, 
both groups presented similar responses to shock administration during contextual-
fear conditioning training (Figure 3.8N).  
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Figure 3.8. Human hippocampal Gadd45γ expression is increased during aging and 
overexpressing Gadd45γ in the mouse hippocampus impairs object location memory. A) 
Correlational analysis between the expression of Gadd45α, Gadd45β and Gadd45γ in human 
postmortem hippocampal tissue and donors’ age (N=6). Correlation analysis was performed using 
Pearson correlation coefficient or Spearman correlation. B) Schematic representation of the viral 
constructs used. The viral vector contains a CamKII promoter driving Gadd45γ overexpression 
(Gadd45γOE) or GFP as a control (GFP). C) Representative images of the dorsal hippocampus 
injected with viruses leading to either Gadd45γ-specific overexpression (Gadd45γOE) or the control 
expression of GFP, 4 weeks after stereotaxic surgery. Scale bar=100µm. D) qRT-PCR analysis of 
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Gadd45α, Gadd45β, and Gadd45γ expression levels in cultured hippocampal cells infected with GFP 
or Gadd45γOE in baseline conditions (N=6 independent cell preparations). E) Schematic 
representation of the experimental design for behavioral tests. F) Representative exploration patterns 
of all groups during open field test. G) Locomotion analysis of the different groups measured as the 
total distance travelled during the open field test (N=8-9). H) Anxiety-like behavior analysis measured 
as percentage of time spent in the center of the arena during the open field test (N=8-9). I) 24h object 
location memory test of young adult mice expressing GFP or Gadd45γOE in the dHPC (N=13-15). 
Dashed line represents equal preference for either object (chance preference). J) 24h contextual fear 
memory test of young adult mice expressing GFP or Gadd45γOE in the dHPC (N=9). K) Total object 
exploration time during the training session of the object-location task. One-way repeated measure 
ANOVA was used (N=9). L) Total object exploration time during each trial of the training session 
compared to the first trial.  Similar habituation patterns were observed between groups (N=9). Two-
tailed unpaired Student’s t-test was used. M) Mean speed during the different phases of the 
contextual fear conditioning training, showing similar performance between groups. A one-way 
ANOVA followed by a Bonferroni's Multiple Comparisons Test was used (N=9). ns: not significant; 
**p<0.01 by two-tailed unpaired Student’s t-test. Data are normalized to the uninfected control. 
Kruskal-Wallis Test followed by a Dunn's Multiple Comparisons Test was used. ##p<0.01, **p<0.01 
and ****p<0.0001. Error bars represent SEM. Open field analysis was performed by Kübra Gülmez 
Karaca. 
3.2.3. Increase in Gadd45γ expression disrupts activity -dependent CREB 
signaling and gene expression 
As in the previous section we showed that Gadd45γ regulates CREB activity (Brito 
et al., 2020b), we next investigated if Gadd45γ overexpression would impact this 
cellular response. First, we assessed whether Gadd45γ overexpression in the 
hippocampus of young adult mice (Figure 3.9A) affects the levels of phosphorylated 
CREB in baseline conditions. In agreement with a role for Gadd45γ in signaling 
pathways that regulate CREB activation (Brito et al., 2020b), overexpression of 
Gadd45γ resulted in increased levels of phosphorylated CREB (Figure 3.9B,C). Next 
using primary hippocampal cultures, we analyzed the phosphorylation of CREB in 
baseline conditions and in response to increased neuronal activity (Figure 3.9D). 
Similar to our in vivo findings (Figure 3.9A-C), Gadd45γ overexpression in primary 
hippocampal cultures led to increased levels of phosphorylated CREB in basal 
conditions. Moreover, this effect appeared to blunt a response to neuronal activity 
as CREB phosphorylation in response to neuronal activity did not reach controls 
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levels (Figure 3.9E,F). We next assessed the expression of the CREB-dependent 
genes Arc, FosB, c-Fos, Egr1 and Npas4 (Impey et al., 2004; Rao-Ruiz et al., 2019) 
in basal conditions and upon neuronal activity (Figure 3.9G). Hippocampal neuronal 
cultures infected with rAAV-Gadd45γOE revealed a global disruption of CREB-
dependent gene expression in response to increased neuronal activity compared to 
control conditions (Figure 3.9H-L). Taken together, these findings demonstrate that 
an increase in Gadd45γ above physiological levels disrupts the expression of 
memory-related genes and cognitive function. 
 
Figure 3.9. Increased Gadd45γ expression dysregulates hippocampal CREB phosphorylation 
and activity-dependent gene expression. A) Schematic representation of the experimental design 
for western blot analysis of CREB activation in vivo. B) Representative immunoblots of hippocampal 
tissue from young adult mice infected with rAAVs expressing GFP or Gadd45γOE using 
phosphospecific (pCREB) and total CREB (tCREB) antibodies. C) Immunoblot quantification shown 
as ratios of phosphorylated/total protein normalized to GFP control (N=5-6). D) Schematic 
representation of the experimental design for western blot analysis of CREB activation in mouse 
hippocampal cultures. E) Representative immunoblot scans of hippocampal cultures infected with 
rAAV expressing GFP or Gadd45γOE using phosphospecific and total CREB antibodies. F) 
Immunoblot quantification shown as ratios of phosphorylated/total protein normalized to uninfected 
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control in baseline or bicuculline-treated conditions (left and middle graphs) or pCREB fold increase 
(bicuculline/baseline) for each condition and normalized to uninfected control (right graph) (N=7-8 
independent cell preparations). G) Schematic representation of the experimental design for qRT-PCR 
analysis of the expression of CREB-dependent genes (N=5-6 independent cell preparations) H) Arc, 
I) c-Fos J) FosB K) Egr1 and L) Npas4 in hippocampal cultures. Hippocampal cultures were 
harvested at baseline conditions or after 2h, 4h, or 6h of bicuculline treatment. *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001 by two-tailed Student's t-test. ns: not significant. Error bars represent 




3.3. MeCP2 coordinates baseline and learning-induced alternative splicing 
in the mouse hippocampus  
In this section we studied the contribution of the DNA methylation reader MeCP2 for 
induction of alternative splicing. First, we analyzed the genome-wide alternative 
splicing profile of mice that underwent spatial learning or were kept in baseline 
conditions. Next, we evaluated using a loss-of-function approach how MeCP2 alters 
this profile. The results presented in this section are based on (Brito et al., 2020a) 
and were originally written by the author of this thesis. 
3.3.1. Spatial learning induces alternative splicing events that are 
impaired in MeCP2 knockdown mice 
In this study, we sought to investigate whether MeCP2 regulates alternative splicing 
events in the adult hippocampus in basal conditions as well as after spatial learning. 
To this end, we delivered rAAV into the adult dorsal hippocampus encoding either a 
control (Control-) or a MeCP2-specific shRNA sequence (Figure 3.10A). We 
knocked down MeCP2 in neurons by using an AAV serotype (rAAV1/2) that displays 
predominant neuronal tropism (Xu et al., 2001; Burger et al., 2004). The viral 
construct also contained an expression cassette for mCherry under the control of the 
CamKIIα promoter (Figure 3.10A) that served as an infection marker. This strategy 
allowed us to investigate MeCP2 function in the adult hippocampus without 
confounds originating from impaired postnatal neurodevelopment. We previously 
confirmed that this tool significantly decreases MeCP2 mRNA and protein levels 
selectively in the hippocampus. Moreover MeCP2-shRNA mice displayed 
impairments in hippocampus-dependent long-term memory without exhibiting broad 
neurological impairments, such as motor deficits or anxiety-like behavior (Gulmez 
Karaca et al., 2018) that typically occur in animal models with disrupted MeCP2 
expression from early developmental stages. Thus, this experimental strategy was 
chosen for gene expression analysis. In this experiment, half of the mice were kept 
in their homecage (baseline), whereas the remaining underwent spatial object 
location training (learning) (Figure 3.10B). This behavioral protocol allowed us to 
detect hippocampal transcriptional changes associated with novel environment 
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exposure and learning the location of objects in space. 30 min after the end of the 
task, a time point with robust transcriptomic changes after learning (Gulmez Karaca 
et al., 2018), we performed genome-wide differential alternative splicing analysis of 
the mouse dorsal hippocampal tissue expressing either MeCP2-shRNA or Control-
shRNA in baseline conditions and after learning. RNA-seq analysis allowed the 
identification of five distinct mRNA splicing events: alternative 3′ splice sites (A3SS), 
alternative 5′ splice sites (A5SS), mutually exclusive exons (ME), intron retention 
(IR) and exon skipping (ES) events (Figure 3.10B). 
We started by identifying the DAS events induced by spatial learning in control mice, 
and asked whether MeCP2 knockdown alters this learning-induced alternative 
splicing program. To determine this, we compared the alternative splicing profile of 
each treatment condition (Control- or MeCP2-shRNA) in basal conditions versus 
after learning (Figure 3.10C and Figure 3.11A). We observed that object location 
learning induced 28 differential alternative splicing events in Control-shRNA-injected 
mice hippocampi, that consisted predominantly of ES events (42.8%) followed by 
A5SS (21.4%) and IR (17.9%), A3SS (17.9%) while no ME events were detected 
(Figure 3.10E-D). Some of the genes identified were previously described to undergo 
alternative splicing during memory consolidation or recall in a contextual fear 
conditioning paradigm (Dnajb5 and Marchf7, Zfp207, Gls, Fuz, respectively) 
(Poplawski et al., 2016). In contrast, in MeCP2-shRNA expressing hippocampi, 13 
learning-triggered DAS events were detected. Furthermore, MeCP2-shRNA mice 
showed a clear shift towards more IR events (53.8%) and a reduced occurrence of 
ES (23.1%) and ME (7.7%), A5SS (7.7%) and A3SS (7.7%) in response to learning 
compared to the controls (Figure 3.10D and Figure 3.11B-D). These findings indicate 
that MeCP2 reduction impaired DAS events in the adult hippocampus in response 
to spatial learning. Next, we analyzed whether there is a change in the fraction of 
the included or excluded isoforms in Control- or MeCP2-shRNA expressing mice 
using the delta “percent spliced in” (ΔPSI). The ΔPSI represents the difference 
between the ratio of transcripts that retain or exclude an intron/exon in two 
conditions. A ΔPSI value above or below 0% indicates an increased or reduced 
inclusion of alternative introns/exons, respectively. This parameter allows to 
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investigate whether MeCP2 regulates the inclusion of introns/exons in alternatively 
spliced transcripts. Although MeCP2 reduction altered inclusion (ΔPSI>0) and 
exclusion (ΔPSI<0) events of each splicing subtype (Figure 3.10E), we focused on 
IR and ES events since the majority of DAS belonged to these splicing categories, 
and MeCP2 induced an ES-IR switch. We found that MeCP2-shRNA animals 
showed a mild shift towards excluded IR events (14.3% included vs. 85.7% 
excluded) compared to controls (20% included vs. 80% excluded) and a decrease 
of ES (control: 16.7% included vs 83.3% excluded; MeCP2-shRNA: 33.3% included 
vs 66.7%. excluded) (Figure 3.10E) Similarly, hippocampal knockdown of MeCP2 
led to alterations on A3SS, A5SS and ME inclusion/exclusion events (Figure 3.11B-
D). The majority of splicing events occurred in the same direction, that is inclusion 
or exclusion, in both control and MeCP2-shRNA animals (Figure 3.10G). 
Nonetheless, we also detected a subset of alternative splicing events that occurred 
in opposite directions, meaning that they underwent increased inclusion in MeCP2-
shRNA mice and increased exclusion in Control-shRNA mice or vice versa (e.g. Gls, 
Osmr, Trmt1, Irf7). Remarkably, only 2 of the 13 DAS events observed in MeCP2-
shRNA mice overlapped with the DAS events detected in Control-shRNA mice. This 
indicates that in MeCP2 knockdown conditions DAS events that occur in control 
conditions were no longer present (e.g. Zmynd8, Nr3c1, P2rx6, Dnajb5) and new 
spliced isoforms were generated (11 unique DAS; e.g. Atl2, Fhl1, Marchf7) (Figure 
3.10G) None of these events (neither overlapping nor unique) showed a bias 
towards any particular splicing type (Figure 3.11E-I). Statistical analysis of all the 
DAS events detected in Control- or MeCP2-shRNA mice in response to learning did 
not show a statistically significant difference between the groups (Figure 3.10H and 




Figure 3.10. Spatial learning induces alternative splicing events that are altered in MeCP2 
knockdown mice. A) The viral vector contains a U6 promoter driving expression of MeCP2-shRNA 
or a control-shRNA and mCherry expression under the CamKIIα promoter. B) Schematic 
representation of the experimental design and alternative splicing events analyzed in this study. Three 
weeks after the delivery of recombinant AAVs into the dorsal hippocampus, mice remained either in 
home-cage (Baseline) or trained in object location learning. 30 minutes after training mice dorsal 
hippocampi were micro dissected and RNA-seq and alternative splicing analysis was performed. C) 
Schematic representation of the comparisons used. D) Proportion of each differential alternative 
splicing events (DAS) in control conditions (left) or in MeCP2 knock-down conditions (right) in 
learning-induced conditions. E) Number of inclusion (positive ΔPSI, blue) and exclusion (negative 
ΔPSI, red) events for each type of alternative splicing modality in Control-shRNA (Control) and 
MeCP2-shRNA (MeCP2) mice (q-value<0.05). F) Pie charts showing the proportion of inclusion and 
exclusion events for intron retention (IR) and exon skipping (ES) in Control-shRNA and MeCP2-
shRNA mice. G) Scatter plots showing changes in IR and ES events in Control-shRNA (Control) and 
MeCP2-shRNA (MeCP2KD) mice upon learning. Red dots and blue squares represent alternative 
splicing events that occurred in either Control or MeCP2 knockdown hippocampi (q-value<0.05), 
respectively. Green triangles represent alternative splicing events that occurred in both conditions (q-
value<0.05). H) Violin plots showing the ΔPSI distribution of IR (left) and ES (right) events in Control-
shRNA and MeCP2-shRNA hippocampi after learning. The P-values are based on paired two-tailed 
Student’s t test or Wilcoxon test and are indicated at the top of each panel. ΔPSI: delta “percent 
spliced in”. bGH polyA: Bovine growth hormone polyadenylation signal. ITR: inverted terminal repeat, 
WPRE: Woodchuck Hepatitis virus post-transcriptional regulatory element. 
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Figure 3.11. Alternative splicing event-specific changes in MeCP2 knockdown mice upon 
spatial learning. A) Schematic representation of the comparisons used. B-D) Pie charts showing the 
proportion of learning-induced inclusion and exclusion events for B) alternative 3′ splice sites (A3SS), 
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C) alternative 5′ splice (A5SS) and D) mutually exclusive exons (ME) in Control-shRNA and MeCP2-
shRNA mice. E-I) Scatter plots showing changes in E) A3SS, (F) A5SS, G) ME, H) intron retention 
(IR) and I) exon skipping (ES) events in Control-shRNA (Control) and MeCP2-shRNA (MeCP2KD) 
mice upon learning. Red dots and blue squares represent alternative splicing events occurred in 
either Control or MeCP2-knock-down (MeCP2KD) (q-value<0.05), respectively. Green triangles 
represent alternative splicing events that occurred in both conditions (q-value<0.05). J-L) Violin plots 
showing the ΔPSI distribution of A3SS J), A5SS K) events in Control-shRNA and MeCP2-shRNA 
hippocampi after learning. The P-values are based on paired two-tailed Student’s t test or Wilcoxon 
test and are indicated at the top of each panel. ΔPSI: delta “percent spliced in”. 
To gain further insight into the functional categories of identified learning-induced 
DAS, we performed gene ontology (GO) analysis. For this, we carried out two 
separate evaluations for inclusion and exclusion DAS events (Figure 3.12A,B). We 
found that in control animals that underwent learning, GO terms associated with 
“Dendritic spine” and “Positive regulation of spine development” were predominantly 
enriched in the inclusion group (-log10P value<3), whereas terms associated with 
“Alternative splicing” and “Splice variant” showed a non-significant trend for 
enrichment in the exclusion cohort (-log10P value<3). These findings suggest that 
learning-induced alternative splicing events in the hippocampi of control mice are 
associated with dendritic spine regulation. Notably, in MeCP2-shRNA mice, there 
was no enrichment detected for the inclusion group, and the exclusion DAS cohort 
showed a non-significant trend for enrichment for terms associated with 
“Methylation”, “Splice variant”, “Alternative splicing” and “Compositionally bias 
region: Arg/Ser-rich”. This data suggests that MeCP2 reduction compromises 
predominantly the learning-triggered processes associated with dendritic function.  
Considering that MeCP2 is required for optimal expression and alternative splicing 
of several genes, we asked to which degree these two gene populations (DEGs and 
DASs) overlap. This analysis indicates whether MeCP2 uses these two regulatory 
mechanisms on similar or different genes. Since the same tissue was used for DAS 
and for the previously published differential gene expression analysis (Gulmez 
Karaca et al., 2018), the two datasets could be directly compared. To this end, we 
identified genes that underwent alternative splicing, and compared this gene 
population to the previously identified differentially expressed genes (DEGs) in the 
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same conditions (Gulmez Karaca et al., 2018) (learning-induced DEGs were 
compared to learning-induced DASs in Control- or MeCP2-shRNA expressing 
mouse hippocampus) (Figure 3.12C). We found that in control group, only 3 DEGs 
showed also DAS events in response to learning (out of 134 DEGs and 26 DAS) 
(Figure 3.12C,D). In MeCP2-shRNA animals, the differentially expressed genes in 
response to learning and the learning-induced differential alternative splicing events 
did not overlap (Figure 3.12D). Taken together, this data indicates that learning 
induces changes in the expression levels and in the predominance of specific 
alternatively spliced variants of distinct gene populations. Furthermore, our results 
implicate a requirement for MeCP2 in both processes. 
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Figure 3.12. Analysis of genes that underwent differential alternative splicing events upon 
spatial learning. A-B) Schematic representation of comparisons used (top). Gene ontology (GO) 
analysis for genes that underwent differential alternative splicing in the dorsal hippocampi of Control-
shRNA A) and MeCP2-shRNA B) mice upon learning. Enriched GO terms (Fisher’s exact test 
P<0.001) for genes that underwent inclusion or exclusion (q-value < 0.05) events, upon learning. The 
blue and red bars represent −log10 (P-value) of the GO enrichment for inclusion and exclusion events, 
respectively. The vertical dashed line serves as a marker for P-value = 0.001 [ −log10 (P-value) =3]. 
Absence of a colored bar means that genes of that GO term were not enriched in that specific 
category. C) Venn diagram showing overlap between total number of differentially expressed genes 
(DEGs) and genes that underwent differential alternative splicing events (DAS) in home-cage 
(baseline) conditions when MeCP2 was knocked down in the adult dorsal hippocampus. D) Venn 
diagram showing overlap between total number of differentially expressed genes and genes that 
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underwent differential alternative splicing events in learning state (learning) conditions when MeCP2 
was knocked down in the adult dorsal hippocampus. 
3.3.2. Decrease in MeCP2 alters splicing events in baseline and learning 
states  
To gain a deeper understanding of how MeCP2 regulates alternative splicing events, 
we asked whether acute MeCP2 reduction influences DAS events already in 
baseline and/or after learning conditions. To this end, we compared the alternative 
splicing profile of Control- versus MeCP2-shRNA mice in basal conditions, as well 
as after learning (hereafter, learning state) (Figure 3.13A and Figure 3.14A). We 
identified a total of 156 DAS events (q-value < 0.05) in baseline conditions upon 
MeCP2 disruption in the hippocampus; ES events were predominant (75%), followed 
by IR (10.3%), ME (6.4%), A5SS (4.5%) and A3SS (3.8%) (Figure 3.13B). Altered 
alternative splicing genes partially overlapped with findings observed in the 
hippocampus of Mecp2-null mice (i.e. Zfp207, Map4 and Ppfia2) (Osenberg et al., 
2018). Similarly, DAS profile of MeCP2-shRNA hippocampus after learning was 
different from the controls. We identified 94 DAS events (q-value < 0.05) in MeCP2-
shRNA mice in learning state, in which ES events were predominant (70.2%), 
followed by IR (25.5%) and A3SS (4.3%) whereas no A5SS and ME events were 
detected (Figure 3.13B). Next, we determined the change in the fraction of the 
included or excluded events of each splicing subtype in baseline or learning in 
MeCP2-knockdown conditions (Figure 3.13C). We found that MeCP2-shRNA 
animals have preferentially decreased IR in baseline conditions (31.2% inclusion vs. 
68.8% exclusion) while in learning state, the relative abundance of 
inclusions/exclusions in MeCP2-shRNA mice shifted predominantly towards 
included introns (66.7% inclusion vs. 33.3% exclusion) (Figure 3.13D). Interestingly, 
the total number of ES events in MeCP2-disrupted hippocampus decreased by 
learning (Figure 3.13D), the proportion of inclusions/exclusions among the total ES 
events remained similar in baseline and learning state (baseline: 32.5% included vs. 
67.5% excluded; learning 37.9%: vs. 62.1%) (Figure 3.13D). Similarly, hippocampal 
knockdown of MeCP2 lead to alterations on A3SS, A5SS and ME inclusion/exclusion 
events in baseline and in learning conditions (Figure 3.14B-D). Next, we checked 
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the common DAS events in baseline and learning state in MeCP2-shRNA conditions. 
We found that hippocampal MeCP2 reduction led to 131 and 75 unique DAS events, 
in baseline (e.g. Gabrg2, Synj1, Map4) and in learning state (e.g. U2af1l4, Nrcam, 
P2xrx6, Gria3), respectively (Figure 3.13E). Only 19 DAS events occurred in both 
conditions, suggesting that learning induces distinct alternative splicing events. 
Notably, the majority of DAS events detected in baseline or after learning happened 
in the same direction in MeCP2-disrupted and control hippocampi, although a small 
subset of splicing events occurred in opposite ways (Figure 3.13E). Deeper analysis 
revealed that the oppositely regulated DAS subset showed no bias for a particular 
splicing event type (Figure 3.14E-I). Cumulative analysis of all DAS events in 
MeCP2-disrupted hippocampus showed a significant increase in retained introns 
(Figure 3.13F), a decrease in skipped exons (Figure 3.13F) and either a significant 
or a non-significant trend for increase of A5SS and ME inclusion events in learning 
state compared to baseline (Figure 3.14J-L). No change was detected for A3SS 
events (Figure 3.14K). These results show that MeCP2 reduction induces a distinct 
DAS profile in baseline and upon learning. Thus, indicating that the differences found 
in the learning state do not only reflect changes in basal conditions, but also a 
requirement for MeCP2 in learning-dependent alternative splicing.  
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Figure 3.13. MeCP2 knockdown changes baseline and learning-associated splicing events. A) 
Schematic representation of the comparisons used. B) Proportion of each differential alternative 
splicing events (DAS) in baseline conditions (left) or in learning state (right) in MeCP2-shRNA 
conditions. C) Number of inclusion (positive ΔPSI, blue) and exclusion (negative ΔPSI, red) events 
for each type of alternative splicing modality in MeCP2 knockdown during baseline and learning state 
conditions (q-value<0.05). D) Pie charts showing the proportion of inclusion and exclusion events for 
intron retention (IR) and exon skipping (ES) in baseline and learning state conditions. E) Scatter plots 
showing changes in IR and ES events in home-cage (Baseline) and learning state (learning) 
conditions by MeCP2 knockdown. Red dots and blue squares represent alternative splicing events 
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occurred in either baseline or learning state (q-value<0.05) conditions, respectively. Green triangles 
represent alternative splicing events that occurred in both conditions (q-value<0.05). F) Violin plots 
showing the ΔPSI distribution of IR (left) and ES (right) events in baseline and learning state in the 
hippocampi of MeCP2-shRNA mice. The P-values are based on paired two-tailed Student’s t test or 






Figure 3.14. Alternative splicing event-specific changes in MeCP2 knock-down mice during 
baseline and learning state conditions. A) Schematic representation of the comparisons used. B-
D) Pie charts showing the proportion of inclusion and exclusion events for B) alternative 3′ splice sites 
(A3SS), and C) alternative 5′ splice (A5SS) and D) mutually exclusive exons (ME) in MeCP2-shRNA 
 81 
mice during baseline and learning-state conditions. Note that no ME changes were detected by 
MeCP2 knockdown in learning-state. E-I) Scatter plots showing changes in E) A3SS, (F) A5SS, G) 
ME, H) intron retention (IR) and I) exon skipping (ES) events in home-cage (Baseline) and learning 
state (Learning) conditions in MeCP2-shRNA mice compared to the controls. Red dots and blue 
squares represent alternative splicing events occurred in either baseline or learning conditions (q-
value<0.05), respectively. Green triangles represent alternative splicing events that occurred in both 
conditions (q-value<0.05). J-L) Violin plots showing the ΔPSI distribution of J) A3SS, K) A5SS and 
L) ME events in baseline and learning state conditions in the dorsal hippocampi of MeCP2-shRNA 
mice. The P-values are based on paired two-tailed Student’s t test or Wilcoxon test. and are indicated 
at the top of each panel. ΔPSI: delta “percent spliced in”. 
Next, to gain functional insight into the categories of the genes that require MeCP2 
for alternative splicing in baseline or learning states, we performed GO analysis. This 
was applied to both conditions (baseline or learning) and were divided into inclusion 
(ΔPSI>0) and exclusion (ΔPSI<0) events. We found that DAS inclusions in MeCP2 
reduction in baseline conditions were enriched for terms such as “Phosphoprotein”, 
“Alternative splicing” and “Cytoskeleton”, whereas DAS exclusions in MeCP2-
shRNA mice were associated with the functional categories termed “Alternative 
splicing”, “Clathrin vesicle coat”, “Tubulin binding” (-log10P value<3) (Figure 3.15A). 
After learning, only enrichment for “Alternative Splicing” for inclusion events and 
“Cell-cell adherent junctions”, “Neuronal cellular homeostasis” and “Positive 
regulation of protein binding” for increased exclusion events were found (Figure 
3.15B). These results indicate that both in baseline and after learning conditions 
MeCP2 regulates DAS events associated with general neuronal function processes 
despite that DAS events are generally distinct in both conditions.  
Next, we compared DEGs and DASs in MeCP2-reduced hippocampi in baseline or 
learning states. We found that only 17 differentially expressed genes in MeCP2 
knockdown also showed altered alternative splicing (out of 1948 DEGs and 130 
DAS) in baseline conditions (Figure 3.15C), whereas this number was as low as 7 
genes in learning state (out of 884 DEGs and 82 DAS) (Figure 3.15D). Altogether, 
these findings indicate that MeCP2 regulates the predominance of specific 
alternatively spliced variants mostly without affecting the overall level of transcripts 
coded by that gene both in baseline conditions and after learning.  
 82 
 
Figure 3.15. Analysis of genes that underwent differential alternative splicing events in 
baseline and in learning state upon MeCP2 knock-down. A-B) Schematic representation of 
comparisons used (top). Gene ontology (GO) analysis for genes that underwent differential 
alternative splicing in the dorsal hippocampi MeCP2-shRNA mice in baseline A) and learning state 
B) conditions. Enriched GO terms (Fisher’s exact test P<0.001) for genes that underwent inclusion 
or exclusion (q-value < 0.05) events. The blue and red bars represent −log10 (P-value) of the GO 
enrichment for inclusion and exclusion events, respectively. The vertical dashed line serves as a 
marker for P-value = 0.001 [ −log10 (P-value) =3]. Absence of a colored bar means that genes of that 
GO term were not enriched in that specific category. ΔPSI: delta “percent spliced in”. C) Venn diagram 
showing overlap between total number of differentially expressed genes and genes that underwent 
differential alternative splicing events in learning-induced conditions in the adult dorsal hippocampus 
of control mice (control-shRNA). D) Venn diagram showing overlap between total number of 
differentially expressed genes and genes that underwent differential alternative splicing events in 
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learning-induced conditions when MeCP2 was knocked down in the adult dorsal hippocampus 
(MeCP2-shRNA). 
3.3.3. Validation of RNA-seq data by quantitative and semi-quantitative 
RT-PCR 
Finally, we aimed to validate our RNA-seq data using additional biological replicates 
and two independent methods. We stereotaxically delivered rAAV expressing 
Control or MeCP2-shRNA to a new cohort (N=4-6) of animals as previously 
performed (Figure 3.10A-B). In combination with the samples used for RNA-seq we 
validated 12 DAS events by qRT-PCR and 4 DAS events by RT-PCR. The majority 
of DAS events that we analyzed by qRT-PCR (Figure 3.16A) or RT-PCR (Figure 
3.16B) showed an effect consistent with the RNA-seq data. This additional 





Figure 3.16. Validation of genes that underwent differential alternative splicing. A) Quantitative 
RT-PCR for differential alternative splicing events. Box plots show the relative ratio of retained vs. 
excised introns (IR) or included vs. excluded exons (ES, A5SS) between conditions (N=8-10). The 
diagram below each individual gene shows the two possible isoforms (included/excluded exon or 
intron in red or blue, respectively) with arrows indicating the location of the primers used. The P-
values are based on unpaired two-tailed Student’s t test or Mann-Whitney test indicated at the top of 
each panel. B) Semiquantitative RT-PCR for genes that underwent differential alternative splicing. 
Gel images show the retained vs. spliced isoform intensity. Diagram next to gene name shows the 
location of the primers used. Three biological replicates are shown per condition. Error bars represent 




3.4. Late Npas4 expression as a mechanism underlying memory strength 
In this section we studied the contribution of the activity-dependent transcription 
factor Npas4 for mechanisms of memory persistence and strength. First, we 
established behavior paradigms of short- and long-lasting memories and found that 
Npas4 expression is associated with memory strength. Next, we investigated which 
type of neuronal signaling drives this late expression. Lastly, we sought out to 
artificially induce a delayed expression of Npas4 in a behavior protocol of short-
lasting memory.  
3.4.1. Persistent memory is associated with late Npas4 expression  
In order to understand what molecular mechanisms are associated with memory 
persistence and strength we established two fear-conditioning protocols (Figure 
3.17A-B). The behavior paradigms were designed to promote LTM (24h) and either 
to allow short-lasting (1x0.2mA foot shock) or persistent (3x0.7mA foot shocks) 
memory over weeks. Mice were trained in these two tasks or were solely exposed 
to the chamber in the absence of any shock (context-only) which did not induce any 
contextual-fear memory. Animals trained in both protocols displayed LTM although 
with distinct strengths (Figure 3.17C) compared to context-only mice. At 3 weeks 
after learning mice trained in the short-lasting protocol did not exhibit freezing levels 
distinguishably from controls (Figure 3.17D). In contrast, mice trained in the 
persistent memory protocol displayed robust freezing levels at 3 weeks and even 2 
months after learning (Figure 3.17D-E). These set of experiments show that both 
protocols can be used as models to study molecular mechanisms underlying 







Figure 3.17. Validation of protocols inducing short- or persistent memory. A-B) Schematic 
illustration of the behavior protocols used. Mice underwent contextual-fear conditioning training for 
short-lasting (1x 0.2mA foot shock) or persistent memory (3x 0.7mA foot shock). C) A cohort of 
animals was used to test LTM (24h) or D-E) remote memory (3 weeks and 2 months) (N=8-14). 
*p<0.05, ***p<0.001, ****p<0.0001 by one-way ANOVA test followed by Sidak's post hoc test with 
pairwise comparisons. Error bars represent SEM. 
After establishment of these protocols, we investigated changes in learning-
dependent gene expression that would be unique to short-lasting or persistent 
memories. Specifically, we analyzed the expression of 3 IEGs (Arc, cFos and Npas4) 
in the dorsal CA1 region of the hippocampus. Mice were trained independently in 
these two behavior protocols (Figure 3.18A) and their hippocampus was dissected 
for mRNA extraction at distinct time points ranging from 15m to 24h. We controlled 
for potential circadian fluctuations in gene expression by having HC controls for each 
time group (i.e., HC: 15m, 30m, 1h, 4h; HC:8h; HC:12h; HC:15h; HC:18h and 
HC:24h).  We observed that all genes in both protocols displayed an early increase 
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in the expression in early time points after learning as expected from their 
established role as IEGs (Figure 3.18B-G). We did detect however that the induction 
kinetics were visibly altered between mice trained in either protocol. Short-lasting 
memory training induced a more transient gene expression profile than persistent 
memory training at early phases of gene expression (Figure 3.18B-G). We found 
that 4h after persistent memory training Npas4 expression was increased to levels 
comparable to the early expression observed after training (Figure 3.18F). This late 
expression was specific to persistent memory training as mice that underwent short-
lasting training showed levels similar to HC animals (Figure 3.18G). We also 
observed at 24h that Arc expression was increased in mice that were trained in the 
persistent memory protocol (Figure 3.18B) but not in the short-lasting memory 
paradigm (Figure 3.18D). This increase was milder compared to the induction 
observed early after training. Lastly, we observed a general gene repression in late 
timepoints after learning, which suggests a restricted window for gene expression 




Figure 3.18. Memory strength/persistence is associated with late Npas4 mRNA expression. A) 
Schematic illustration of the experimental design. Mice underwent short-lasting or persistent memory 
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training and their dorsal CA1 was dissected 15m to 24h after training. RT-qPCR was performed to 
evaluate gene expression changes (N=6-13). B-G) mRNA expression of B-C) Arc, D-E) cFos and F-
G) Npas4 in the dorsal CA1 of mice that underwent short-lasting or persistent memory training. Gene 
expression is normalized to the reference gene Gusb and to their respective HC control (dashed line). 
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 by two-tailed Student's t-test. Error bars represent 
SEM. 
Considering the induction levels of Npas4 expression at 4h and its established role 
as a memory-induced transcription factor we focused on evaluating its contribution 
to memory persistence and strength. Next, we evaluated if this delayed expression 
was also observed at the protein level. We trained mice in both protocols (Figure 
3.19A) and evaluated the protein levels of Arc, Fos and Npas4 at 30m, 2h, 4h and 
6h after learning by western blot. In agreement with the mRNA kinetics observed we 
found that both protocols led to the increase of these proteins after learning, reaching 
baseline levels 2-4h after training (Figure 3.19B-I). We found that at 6h after 
persistent memory training, mice exhibited increased Npas4 levels (Figure 3.19F,H). 
This increase was specific as mice that underwent short-lasting training did not show 
any trend for increase in Npas4 levels in this time-point. These results show that the 
late Npas4 mRNA expression observed at 4h is detectable at the protein level. This 







Figure 3.19. Memory strength/persistence is associated with late Npas4 protein expression. 
A) Schematic illustration of the experimental design. Mice underwent short-lasting or persistent 
memory training and their dorsal CA1 was dissected 30m to 6h after training. Western blot analysis 
was performed to evaluate protein expression (N=8-13). B-G) protein expression of B-C) Arc, D-E) 
cFos and F-G) Npas4 in the dorsal CA1 of mice that underwent short-lasting or persistent memory 
training. Protein expression is normalized to the reference protein αTubulin and to their respective 
HC control (dashed line). H-I) Representative immunoblot scans for all conditions tested. *p<0.05, 
**p<0.01by two-tailed Student's t-test. Error bars represent SEM. 
3.4.2. Late Npas4 expression is dependent on NMDA receptor activity  
Next, we questioned if the delayed Npas4 expression is an autonomous mechanism 
independently driven by early neuronal activity or if its dependent on late activation 
of the dorsal CA1. To test this, we used a pharmacological approach by infusing the 
competitive NMDA receptor antagonist DL-APV or the D1 receptor antagonist 
halobenzazepine (SCH23390) into the dorsal CA1 of mice that underwent persistent 
memory training (Figure 3.20A). The infusions were performed 3.5h after training to 
evaluate the possible contribution of these receptors to the induction of Npas4 at 4h 
(mRNA). The dorsal CA1 of these mice was dissected at 6h after training, the 
timepoint that overlapped with Npas4 expression at the protein level (Figure 3.19F). 
We found that protein expression of Arc and cFos was similar to vehicle-infused 
animals when NMDA or D1 receptor function was blocked (Figure 3.20B,C,E,F). On 
the contrary, Npas4 expression at 6h was reduced compared to trained vehicle-
infused animals when NMDA receptor function was blocked (Figure 3.20D,G). These 





Figure 3.20. Late Npas4 protein expression is dependent on NMDA receptor activity. A) 
Schematic illustration of the experimental design. Cannulas targeting the dorsal CA1 region were 
placed into mice to allow drug infusions. Seven days after surgery mice underwent persistent memory 
training (TR) and 3.5h later vehicle, DL-APV or SCH23390 was infused into the dorsal CA1. At 6h-
post training the dorsal CA1 was microdissected and western blot analysis was performed (N=10-
13). B-G) protein expression of B) Arc, C) cFos and D) Npas4 in the dorsal CA1 of mice that 
underwent persistent memory training. Protein expression is normalized to the reference protein β-
actin and to their respective HC control (dashed line). E-G) Representative immunoblot scans for all 
conditions tested. *p<0.05 by one-way ANOVA followed by a Dunn´s multiple comparison test. Error 
bars represent SEM. 
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3.4.3. Induction of late Npas4 expression induces memory decay 
In order to evaluate the functional significance of the late expression of Npas4, we 
developed tools to artificially induced the expression of this protein in the short-
lasting protocol. We used a dual-component TetON-based system that consists of a 
driver plasmid which expresses under the control of hSynapsin, the rtTA, the TetR 
and a fluorescent protein marker (KO). The second construct drives the expression 
of HA-tagged eGFP (TRE-eGFP) or full length Npas4 (TRE-Npas4) in a doxycycline 
dependent manner (under the control of the TRE promoter) (Figure 3.21A). The 
expression of eGFP or Npas4 is actively repressed by TetR in the absence of 
doxycycline and activated in the its presence. We infected dissociated hippocampal 
cultures with rAAV carrying these plasmids and 2 days before protein harvesting 
treated cultures with doxycycline to evaluate the expression of this system (Figure 
3.21B).  In the absence of doxycycline, we did not detect expression of eGFP or 
Npas4 by western blot analysis using an anti-HA antibody (Figure 3.21C). On the 
contrary, doxycycline treated conditions showed expression of these two proteins. 
We confirmed that the expression of the exogenous HA-Npas4 is detectable with 
both HA and Npas4 antibodies and presents the expected molecular weight (Figure 
3.21C). After validating that the expression of exogenous Npas4 is dependent on 
doxycycline treatment we evaluated if its expression in the absence of neuronal 
activity (baseline conditions) would induce Npas4-dependent transcriptional activity. 
We used primary hippocampal cultures to perform luciferase reporter assays using 
a reporter plasmid containing the firefly luciferase under the control of CRE or the 
Npas4 binding sites (Figure 3.21D). This assay reveled that in doxycycline conditions 
expression of TRE-Npas4 but not TRE-eGFP leads to Npas4-specific transcriptional 
activity (Figure 3.21E). Moreover, this effect was specific as no CRE-dependent 
activity was detected. Next, we aimed to characterize the in vivo expression kinetics 
of this system. We stereotaxically delivered rAAV expressing the driver plasmid and 
TRE-Npas4 into the mouse dorsal CA1 (Figure 3.21F). We designed this experiment 
to uncover two time-points 4h apart where expression of TRE-Npas4 was 
neglectable or already detectable, respectively. The reasoning for this criterion is 
that we intended to artificially induce Npas4 expression at 4h after learning without 
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expressing this protein during the contextual-fear conditioning training. We found 
that intra-peritoneal (ip) injection of doxycycline 16h before animals were analyzed 
for immunohistochemistry was not sufficient to trigger TRE-Npas4 expression 
(Figure 3.21G). On the contrary 20h after IP injection of doxycycline animals 
displayed expression of TRE-Npas4 in the dorsal CA1, evaluated by HA-staining. 
Altogether, these experiments show that this system is able to induce a time-specific 




Figure 3.21. Validation of transient Npas4 expression in dissociated hippocampal neurons and 
in vivo. A) Schematic representation of the viral constructs used. The viral vector contains a human 
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synapsin (hSyn) promoter driving the transactivator (rtTA), the tetracycline repressor (TetR) and the 
fluorescent protein Kusabira Orange (KO) as an infection marker. In the second construct HA-tagged 
eGFP or full length Npas4 expression is under the control of the tetracycline responsive promoter 
(TRE). B) Schematic illustration of the experimental design used. C) Representative immunoblot 
scans from hippocampal cultures infected with rAAV expressing TRE-eGFP or TRE-Npas4 in 
combination with driver plasmid. Hippocampal cultures were treater with doxycycline at DIV 8 and 
harvested at baseline conditions at DIV10. D) Schematic illustration of the experimental design used. 
Luciferase reporter assays were performed using dissociated hippocampal cultures co-transfected 
with TRE-eGFP or TRE-Npas4 and driver plasmid and reporter plasmids expressing firefly luciferase 
(FFluc) under the control of CRE or Npas4 (n=5 independent neuronal cultures) transcriptional 
activity. Values are normalized to the TRE-eGFP condition treated (dashed line). DIV: day in vitro E) 
Schematic illustration of the experimental design used. Mice were stereotaxically injected in the dorsal 
CA1 with rAAV encoding RE-eGFP or TRE-Npas4 in combination with driver plasmid. Three weeks 
later mice received a ip injection of doxycycline and were sacrificed for immunohistochemistry 16 or 
20h later. G) Representative images of the dorsal hippocampus of TRE-Npas4 animals 4 weeks after 
stereotaxic surgery that were injected 16 or 20h before sacrifice with doxycycline. **p<0.01 by two-
tailed Student's t-test. Error bars represent SEM. 
Next, we aimed to evaluate the behavior consequences of inducing Npas4 
expression 4h after mice were trained in a short-lasting memory behavior protocol. 
Mice underwent stereotaxic delivery of rAAVs encoding TRE-eGFP or TRE-Npas4 
and driver plasmids in the dorsal CA1 (Figure 3.22A). Three weeks after surgeries 
both groups received an ip injection of doxycycline in order to induce TRE-eGFP or 
TRE-Npas4 expression 4h after contextual-fear conditioning. Both groups displayed 
similar reactions to foot shock administration (Figure 3.22B). We evaluated LTM by 
testing mice 24h after training. Both groups showed similar freezing levels 
suggesting that 4h-post training Npas4 induction did not affect LTM (Figure 3.22C). 
Surprisingly, TRE-Npas4 mice displayed a memory impairment 3 weeks after 
learning compared to TRE-eGFP mice (Figure 3.22D). This result indicates that 
induction of late Npas4 expression in a protocol that naturally does not show this 





Figure 3.22. Induction of late Npas4 expression induces fast memory decay. A) Left: Schematic 
representation of the viral constructs used. The viral vector contains a human synapsin (hSyn) 
promoter driving the transactivator (rtTA), the tetracycline repressor (TetR) and the fluorescent protein 
Kusabira Orange (KO) as an infection marker. In the second construct HA-tagged eGFP or full length 
Npas4 expression is under the control of the tetracycline responsive promoter (TRE). Right: 
Schematic illustration of the experimental design used. Mice underwent stereotaxic delivery of rAAVs 
encoding TRE-eGFP or TRE-Npas4 and driver plasmids. Three weeks later mice received an ip 
injection of doxycycline 16h before short-lasting memory training (20h before expression of 
exogenous proteins). B) Mean speed during the different phases of the contextual fear conditioning 
training, showing similar performance between groups. A one-way ANOVA followed by a Bonferroni's 
Multiple Comparisons Test was used (N=5). Mice were tested 24h or 3 weeks after training. A cohort 
of animals was used to test C) LTM (24h) or D) remote memory (3 weeks and 2 months) (N=4-5). 




Chapter 4. Discussion 
In this study, we identified molecular mechanisms that contribute to memory storage 
and persistence. Additionally, we uncovered novel proteins linked to age-related 
cognitive decline in mice and humans. First, we discovered that Gadd45γ is required 
for the formation of different types of memories and that its expression is 
compromised during murine aging (Section 3.1). Next, we revealed that human 
aging is accompanied by aberrant Gadd45γ expression which is associated with 
impaired memory formation (Section 3.2). Next, we showed that learning induces 
alternative splicing events which require MeCP2 function (Section 3.3). Lastly, we 
showed that late Npas4 expression is associated with memory persistence 
mechanisms in the mouse brain (Section 3.4). 
 
4.1. Age-related transcriptional changes associated with impaired 
cognitive abilities 
In the first two sections of this thesis, we demonstrated that mammalian aging is 
associated with alterations in Gadd45γ expression and that bidirectional 
dysregulation of hippocampal Gadd45γ levels in young adult mice negatively 
impacts cognitive functions. This study expands the view that age-related gene 
expression alterations in the hippocampus are heterogeneous across species 
despite possible common phenotypes. Furthermore, we showed that Gadd45γ 
regulates synapse-to-nucleus signaling and AP-1- and CREB-regulated genomic 
programs. These findings provide insight into how gene expression changes may 
underlie conserved short- and long-term memory deficits during mammalian aging. 
Previous studies on the functions of Gadd45 family members in the brain focused 
mainly on Gadd45β. Knocking out Gadd45β promoted enhanced long-term memory 
in one study (Sultan et al., 2012) and deficient hippocampus-dependent long-term 
memory in another (Leach et al., 2012). Considering that both reports applied a 
global knock-out strategy, possible confounds originating from developmental 
compensatory mechanisms and/or differential functions in different brain regions that 
bias conclusions about the function of Gadd45β in hippocampus-dependent memory 
may have been present. Here, we acutely decreased the expression of Gadd45β in 
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the dorsal hippocampus of adult mice and found no differences in long- or short-term 
memory. Moreover, knockdown of Gadd45β in primary hippocampal cultures did not 
affect stimulus-induced MAPK signaling, transcription factor activity, or gene 
expression. This result suggests that previously reported effects of Gadd45β 
knockout are probably not a direct consequence of Gadd45β-associated functions 
in the hippocampus. 
Here we describe that, analogous to its role in other cell types (Tamura et al., 2012), 
Gadd45γ functions as a regulator of MAPK signaling pathways in hippocampal 
neurons. Specifically, we found that Gadd45γ regulates the activation of p38 and 
JNK MAPKs. Short- and long-term forms of plasticity require JNK and p38 activity. 
JNK targets synaptic proteins that regulate the insertion of AMPA receptors (Coffey, 
2014). Similarly, p38 is required for AMPA receptor trafficking associated with 
mGluR-induced LTD and NMDAR-induced LTD (Correa and Eales, 2012). In vivo 
studies revealed that both JNK and p38 are activated upon learning (Giese and 
Mizuno, 2013). Furthermore, pharmacological inhibition of JNK activity in the 
hippocampus resulted in enhanced and impaired short- and long-term memories, 
respectively (Bevilaqua et al., 2003; Sherrin et al., 2010), whereas inhibition of p38 
immediately after learning impaired both short- and long- term memory formation 
(Alonso et al., 2003). MAPK signaling cascades regulate the activity of downstream 
transcription factors with established roles in memory formation (Alberini, 2009). 
Here we found that Gadd45γ regulates the transcriptional activity of CREB and AP-
1 and downstream gene expression. Thus, our data suggests that Gadd45γ 
mediates the formation of both short- and long-term memory through the regulation 
of these pathways. Recently it has been suggested that Gadd45γ can act as a DNA 
demethylase (Grassi et al., 2017; Li et al., 2018) and in this way regulate gene 
expression. Our findings show a novel mechanism by which Gadd45γ regulates 
gene expression in neurons. This is supported by our study using luciferase assays 
that demonstrate the ability of Gadd45γ to regulate CREB- and AP-1-dependent 
transcription independently of the epigenome. Moreover, we observed a striking 
similarity in the magnitude of the effects obtained in the luciferase assays and the 
analysis of expression of CREB- and AP-1 endogenous target genes. Additionally, 
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in both assays, AP-1-dependent transcription required Gadd45γ both in basal and 
induced conditions, whereas CREB-dependent gene expression required Gadd45γ 
only after stimulation, thus suggesting that the regulation of CREB- and AP-1-target 
genes depends on Gadd45γ mediated synapse-to-nucleus communication. It is 
possible that these functions of Gadd45γ and its reported DNA demethylase activity 
work in conjunction in the fine tuning of genomic responses underlying memory 
formation.   
Interestingly, we found that both Gadd45γ loss- and gain-of-function manipulations 
culminated in similar in vitro and in vivo phenotypes. We observed that mimicking 
the human aging-related increase in Gadd45γ expression in the mouse 
hippocampus promoted memory deficits and impairments in CREB-dependent 
transcription. These findings are in agreement with another study showing that either 
Gadd45γ loss- or gain-of-function disrupts neural development (Kaufmann and 
Niehrs, 2011). Thus, our data together with the work of others, suggests that proper 
cellular function requires the tight regulation of Gadd45γ levels. Importantly, neither 
knockdown nor overexpression of Gadd45γ promoted changes in anxiety-like 
behavior, supporting the claim that Gadd45γ selectively regulates cognitive abilities. 
Several studies demonstrated that altered CREB activity during aging has been 
linked to dysregulated calcium homeostasis (Oliveira and Bading, 2011). We found, 
however, that Gadd45γ knockdown, which mimics age-associated changes in 
Gadd45γ levels during rodent aging, impacts CREB phosphorylation independently 
of changes in calcium dynamics. This suggests that during aging, dysregulation of 
Gadd45γ-dependent regulatory mechanisms may be another factor contributing to 
altered CREB function. 
The mechanisms underlying dysregulation of Gadd45γ expression during 
mammalian aging are unknown. Neuroinflammation is a hallmark of the aging brain 
that occurs both in rodents and humans (Barrientos et al., 2015). Age-associated 
inflammatory processes in the hippocampus are known to initiate JNK and p38 
signaling (Barrientos et al., 2015) and to impair gene expression required for memory 
(Bonow et al., 2009). One inflammatory signal, the transforming growth factor beta 
(TGFβ) is dysregulated during aging (Rawji et al., 2016) and has been shown to 
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regulate Gadd45γ expression (Grassi et al., 2017). Thus, it is tempting to speculate 
that dysfunctional Gadd45γ expression may be a consequence of age-related 
changes in neuroinflammatory processes.  
We found that Gadd45γ reduction impairs short-term object-place recognition in a 
delay-dependent manner that mimics well established aging-dependent cognitive 
deficits observed across species. To our knowledge this is the first report of a 
molecular alteration that mimics this deficit. Moreover, a disruption of contextual fear 
memory was limited to long-term memory impairments in the case of Gadd45γ 
reduction and was not present in the case of Gadd45γ overexpression. Intriguingly, 
these findings are in line with rodent studies showing that associative memory, in 
particular contextual fear memory, is less vulnerable to aging (Foster et al., 2012). 
Studies in humans also revealed that aged subjects present memory deficits in 
spatial navigation through virtual environments (Foster et al., 2012; Leal and Yassa, 
2015). Although testing contextual fear memory in aged humans has been 
challenging in the past (Foster et al., 2012), recent evidence suggests that contextual 
fear memory acquisition and recall are not affected during aging (Battaglia et al., 
2018). Thus, the manipulations of hippocampal Gadd45γ levels achieved in this 
study seem to phenocopy described memory impairments associated with aging. 
Aberrant gene transcription patterns occur as a consequence of aging in the 
hippocampus (Verbitsky et al., 2004; Burger, 2010; Ianov et al., 2017). These 
changes do not overly correlate across species (Zahn et al., 2007; Loerch et al., 
2008), thus limiting the translational potential of animal models. Studies comparing 
cross-species alterations in gene expression generally focus on shared changes. 
The similar consequences we uncovered for the observed bidirectional impairments 
in Gadd45γ expression levels suggest that this approach may neglect functionally 
relevant and seemingly disparate age-associated transcription changes. Using in 
vivo and in vitro models we show that hippocampal levels of Gadd45γ are tightly 
regulated and that either a decrease or an increase in Gadd45γ can both dysregulate 
plasticity-associated gene expression and cause cognitive impairments. 
Accordingly, our findings illustrate a scenario in which diverging age-related 
transcriptional programs in mice and humans result in converging phenotypes.  
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In conclusion, our data demonstrates that Gadd45γ is a critical regulator of cognitive 
functions in the mouse hippocampus. These results further implicate Gadd45γ as a 
molecular candidate that may underlie cognitive impairments in aging-associated 
pathological conditions. Identifying the underlying causes that lead to Gadd45γ 
dysfunction will allow for the design of strategies that may prevent or delay the onset 
of age-associated memory deficits across species. 
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4.2. Learning-induced alternative splicing in coupled with memory 
formation 
In the next section of this thesis, we showed that adult hippocampal MeCP2 is 
required for the regulation of alternative splicing events during memory 
consolidation. We demonstrated that MeCP2 preserves the in vivo alternative 
splicing profile of mature hippocampal neurons and regulates learning-dependent 
splicing of genes important for neuronal structure and function. Therefore, our 
findings show that MeCP2 regulates the levels of expression of memory-related 
genes and the relative abundance of specific alternatively spliced isoforms, thus 
uncovering another mechanism by which MeCP2 impacts neuronal functional and 
structural properties during memory consolidation. This highlights a multifactorial 
requirement for MeCP2 in adult cognitive processes. 
MeCP2 has well-established functions during neurodevelopment as evidenced by 
the severe neurological impairment’s characteristic of Rett syndrome (RTT), a 
neurodevelopmental disorder caused by mutations in the Mecp2 gene (Amir et al., 
1999; Ip et al., 2018; Gulmez Karaca et al., 2019). Furthermore, several lines of 
evidence also support an important function during adulthood; MeCP2 is expressed 
at high levels in the adult brain (Cheval et al., 2012) and is required for its function 
(Gemelli et al., 2006; Moretti et al., 2006; Skene et al., 2010; McGraw et al., 2011; 
Cheval et al., 2012; Nguyen et al., 2012; Gulmez Karaca et al., 2018). Mounting 
evidence indicates that long-lasting synaptic remodeling important for memory 
consolidation is supported not only by learning-triggered changes in transcription, 
but also in the post-transcriptional profile (Poplawski et al., 2016) of neurons. In this 
study, we investigated the regulatory function of MeCP2 in alternative splicing 
mechanisms. We selectively decreased MeCP2 levels in adult hippocampal neurons 
(Gulmez Karaca et al., 2018), this way, dissecting the impact of MeCP2 disruption 
on the alternative splicing profile of mature hippocampal neurons without confounds 
altered neurodevelopment. We found that reducing MeCP2 expression of mature 
hippocampal neurons led to abnormal alternative splicing. This finding is in line with 
previous studies that demonstrated a role for MeCP2 in alternative splicing 
regulation in other settings (Young et al., 2005; Cheng et al., 2014; Li et al., 2016; 
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Wong et al., 2017). Several studies analyzed genome-wide gene expression 
changes in response to learning and have shown the requirement for MeCP2 for this 
learning-dependent gene expression (Chahrour et al., 2008; Deng et al., 2010; 
Gulmez Karaca et al., 2018). In contrast, alternative splicing changes on a genome-
wide scale upon learning have been less explored. Poplawski and colleagues (2016) 
were the first to investigate genome-wide alternative splicing changes in the 
hippocampus after a contextual-fear learning and after memory recall and identified 
novel alternative splicing isoforms that may be critical for memory consolidation 
(Poplawski et al., 2016). Our observations support and further expand these findings 
providing a novel set of alternative splicing events triggered by a non-aversive 
object-location learning. Therefore, showing that learning-induced alternative 
splicing is likely a general mechanism required for several forms of learning and 
memory.  
The mechanisms through which MeCP2 regulate learning-dependent alternative 
splicing events, particularly in mature neurons, are poorly understood. Osenberg and 
colleagues (2018) studied activity-dependent gene expression and alternative 
splicing in a mouse model of RTT. The authors elicited neuronal activity in Mecp2-
null (Mecp2−/y) mice through the administration of kainic acid and identified genome-
wide alternative splicing changes in the hippocampus in response to this neuronal 
stimulation. They found an aberrant global pattern of gene expression and 
alternative splicing events. Here, we used an adult-onset knockdown of MeCP2 and 
induced neuronal activity by a physiological and memory-relevant stimulus, novel 
environment exposure. We found that MeCP2 knockdown led to an increase in intron 
retention and decreased excluded exons. Notably, Wong and colleagues (2017) 
showed that decreased MeCP2 binding near splice junctions facilitates intron 
retention via reduced recruitment of splicing factors, such as the splicing factor 
transformer-2 protein homolog beta (Tra2b), and stalling of RNA polymerase II 
(Wong et al., 2017). In MeCP2 depletion conditions, like the one in our study, intron 
retention is favored possibly through the enabling of Tra2b activity. Importantly, this 
was not associated with an altered Tra2b expression in MeCP2-shRNA mice 
(Gulmez Karaca et al., 2018). Moreover, intragenic DNA methylation and MeCP2 
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binding promote exon recognition and consequently MeCP2 ablation results in 
aberrant exon skipping events (Maunakea et al., 2013). Overall, the demonstrated 
involvement of MeCP2 in these splicing modalities together with the shift towards 
increased retained introns and exons in MeCP2 knockdown conditions observed in 
our study, suggest that MeCP2 contributes to learning-induced alternative splicing 
through these mechanisms. Although aberrations in these splicing events were 
predominant, we identified learning-induced changes in other forms of alternative 
splicing in the hippocampus of MeCP2-shRNA mice. This indicates that MeCP2 may 
regulate other forms of splicing through mechanisms not yet identified. 
In this study, we analyzed alternative splicing events in response to learning in 
control or MeCP2-shRNA hippocampi as well as in baseline or learning states. This 
combinatorial analysis allowed us to conclude that the differences found in the 
learning state do not only reflect changes in basal conditions, but also a requirement 
for MeCP2 in learning-dependent alternative splicing. Therefore, this indicates that 
the contribution of MeCP2 to synaptic plasticity and memory is likely two-fold. On the 
one hand, MeCP2 regulates the neuronal basal transcriptome which may impact 
neuronal properties such as synaptic transmission and intracellular signal 
transduction, and additionally may regulate directly stimulus-dependent 
transcriptional and post-transcriptional events in the nucleus.  
MeCP2 is essential for the maintenance of structural and functional properties of 
neuronal circuits as demonstrated in RTT mouse models (Kishi and Macklis, 2004; 
Chapleau et al., 2009; Na et al., 2013; Ip et al., 2018). We found that MeCP2 
regulates alternative splicing of learning-regulated genes relevant for synaptic 
plasticity. Noteworthy examples are the P2X purinoceptor 6 (P2rx6), the neuron-glia 
related cell adhesion molecule (Nrcam) and the Glutamate Ionotropic Receptor 
AMPA Type Subunit 3 (Gria3). The P2X receptors are ligand-gated ion channels 
activated by extracellular ATP. Seven P2X receptor subunits have been identified 
(P2X1-P2X7) that form trimeric receptors of homomeric or heteromeric composition. 
P2X6 is present in the rodent hippocampus predominantly at glutamatergic 
synapses (Rubio and Soto, 2001). The activity of P2X receptors induces fast 
excitatory postsynaptic currents and has multiple modulatory effects on synaptic 
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plasticity. In the hippocampus, P2X receptors contribute to synaptic strength 
modulation through its critical role in the regulation of the trafficking of AMPA 
receptors at the postsynaptic membrane (Kaczmarek-Hajek et al., 2012; Pougnet et 
al., 2014; Diaz-Hernandez et al., 2015; Pougnet et al., 2016). Interestingly, 
alternative splicing regulation of P2X receptors affects its expression pattern and 
possibly function (Masin et al., 2006; da Silva et al., 2007; Kaczmarek-Hajek et al., 
2012). Moreover, P2X6 subunits have been shown to translocate to the nucleus in 
hippocampal neurons, where they are able to interact with members of the 
spliceosome (Diaz-Hernandez et al., 2015) leading to altered splicing activity. 
Hence, in the absence of MeCP2, the cellular function may be compromised due to 
a change in the relative abundance of alternatively spliced P2X6 forms and/or altered 
splicing activity.  
Nrcam is required for cognitive function (Moy et al., 2009). This protein is expressed 
at the synapse and regulates synapse formation and remodeling (Sakurai, 2012; 
Demyanenko et al., 2014). We found that Nrcam exon skipping was decreased in 
learning state in MeCP2-shRNA mice. In agreement with our findings, exon skipping 
of Nrcam is induced following exposure to novel objects supporting a functional role 
in this process (Scott et al., 2017). These results suggest that reduced splicing of 
Nrcam might contribute to the memory impairments observed in MeCP2-shRNA 
mice (Gulmez Karaca et al., 2018). 
It is well established that glutamate receptor subunits are highly regulated by 
alternative splicing. RNA editing generates flip/flop variants that dynamically regulate 
conductance of AMPA receptors (Sommer et al., 1990; La Via et al., 2013). 
Moreover, alternative splicing of AMPA receptor subunits is induced by neuronal 
activity in the hippocampus (Balik et al., 2013). We found that MeCP2-shRNA mice 
showed increase intron retention of the Glutamate Ionotropic Receptor AMPA Type 
Subunit 3 (Gria3) during learning state. Retained intron sequences present in Gria3 
mRNA are responsible for its dendritic localization (Buckley et al., 2011). Importantly 
our findings are in agreement with a study that detected altered expression of Gria3 
splicing variants in the cortex of Mecp2 KO mice (Li et al., 2016) indicating that 
MeCP2 regulates Gria3 alternative splicing also in the mouse hippocampus 
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specifically in learning conditions. Altogether this data suggests that alterations in 
the relative amounts of splicing isoforms of genes supporting functional and 
structural plasticity changes after learning may contribute to the cognitive deficits 
observed in MeCP2 knock-down mice (Gulmez Karaca et al., 2018). It is noteworthy 
that acute disruptions of adult hippocampal MeCP2 did not alter the dendritic 
complexity and spine density of CA1 neurons in baseline conditions (Gulmez Karaca 
et al., 2018). This is in line with our observations that DAS in MeCP2 knockdown in 
baseline conditions was not enriched for genes functionally relevant to “dendritic 
spine regulation”. Our findings therefore suggest that MeCP2 regulates alternative 
splicing of the genes associated with dendritic spines mostly in response to learning, 
which may cause selective impairments in learning-dependent spine remodeling 
(Moser et al., 1994; Sanders et al., 2012; Attardo et al., 2015). Whether MeCP2 
disruptions alter learning-dependent structural remodeling in mature hippocampal 
neurons remains to be investigated.  
We found that at baseline conditions MeCP2 reduction promoted an overall increase 
in IR and a decrease in skipped exons, particularly in genes functionally linked to 
general neuronal functions. Specifically, the abundance of spliced isoforms relevant 
for neurotransmitter synthesis (glutaminase (Gls)), vesicle recycling (synaptojanin 1 
(Synj1)) and neurotransmitter receptors (gamma-aminobutyric acid (GABA) A 
receptor, subunit gamma 2 (Gabrg2), glutamate ionotropic receptor NMDA Type 
Subunit 1 (Grin1)) was altered in MeCp2 knockdown conditions. Interestingly, the 
Grin1 gene gives rise to 8 splice variants and recently it has been shown that the 
selective expression of different GluN1 isoforms determines long-term potentiation 
in the hippocampus and spatial memory performance (Sengar et al., 2019b). 
Moreover, the relative abundance of some spliced isoforms of GluN1 subunit is 
associated with increased seizure susceptibility in adult mice (Liu et al., 2019). Taken 
together, these findings suggest that altered alternative splicing events observed in 
MeCP2-shRNA mice at baseline might impact proper neuronal function and 
consequently contribute to cognitive deficits and excitation/inhibition imbalance 
reminiscent of RTT. Furthermore, we found aberrant splicing and/or expression of 
splicing regulators in resting and learning conditions. In particular, MeCP2-shRNA 
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mice during the learning state displayed changes in the abundance of U1 small 
nuclear ribonucleoprotein 70 (Snrnp70) and U2 small nuclear RNA auxiliary factor 
1-like 4 (U2af1l4) spliced variants, two components of the spliceosome. In baseline 
conditions, MeCP2 regulates the expression of the Small the Nuclear 
Ribonucleoprotein U4/U6.U5 Subunit 27 (Snrnp27) and the Polypyrimidine tract-
binding protein 1 (Ptbp1) (Gulmez Karaca et al., 2018). These findings are in 
agreement with a previous study that also observed alterations in the expression 
and splicing of splicing regulators as a consequence of MeCP2 ablation (Osenberg 
et al., 2018). It is plausible that aberrant expression and/or splicing levels of splicing 
mediators may induce a second wave of impairments in downstream splicing events, 
such as in response to learning as observed in MeCP2-shRNA mice. Furthermore, 
as MeCP2 interacts not only with transcription factors but also with regulators of 
alternative splicing (Young et al., 2005; Maunakea et al., 2013; Cheng et al., 2014; 
Lev Maor et al., 2015; Li et al., 2016; Wong et al., 2017), loss of MeCP2 may thus 
impair their recruitment and promote the disruption of alternative splicing events 
observed in MeCP2-shRNA mice.  
Overall, in this section, we found that spatial learning induces alternative splicing 
events of transcripts with relevant functions for neuronal structure and function. 
Moreover, our findings implicated MeCP2 in the regulation of this process. We 
showed that the reduction of MeCP2 levels in adult hippocampus promoted aberrant 
alternative splicing patterns both in baseline and learning states. This study 





4.3 Delayed transcriptional induction associated with memory duration 
and strength  
In the last section of this thesis, we showed that the formation of memories that are 
short-lasting or persistent induce different patterns of Npas4 expression. We 
demonstrated that short-lasting memories promote Npas4 transcription immediately 
after learning while persistent memories induce a second delayed expression of this 
transcription factor. Moreover, we show that the late expression of this protein is 
dependent on NMDA receptor activation. Lastly, we demonstrated that artificial 
induction of Npas4 expression accelerates remote memory decay. These results 
place Npas4 as a novel regulator of mechanisms that dictate the memory 
persistence and strength. 
Npas4 expression is selectively induced by calcium influx in neurons but not in other 
cell types (Lin et al., 2008; Ramamoorthi et al., 2011). This contrasts with 
constitutively expressed or activity- regulated transcription factors (e.g. CREB or 
Fos, respectively) that are activated by other stimuli such as neurotrophic signaling. 
Another seemingly unique characteristic of Npas4 is that it can be induced in 
glutamatergic and GABAergic neurons.  
In excitatory neurons, reduction of Npas4 levels leads to a decrease in inhibitory 
synaptic contact onto these neurons, while overexpression of Npas4 increases their 
number (Lin et al., 2008). These findings were also confirmed in organotypic 
hippocampal slices where reduced Npas4 levels decrease inhibition and increase 
excitation, while a higher Npas4 level results in more inhibition and less excitation. 
These results suggest that the levels of Npas4 in excitatory neurons dynamically 
regulate the amount of inhibitory input they receive.  
In inhibitory neurons, in vitro and in vivo Npas4 deletion in somatostatin (SST)-
expressing GABAergic neurons, reduces the number of excitatory synapses on 
these neurons, without altering the total number of GABAergic synapses (Spiegel et 
al., 2014). These findings are consistent with the role of Npas4 in excitatory neurons, 
as its expression seems to negatively regulate the overall activity level of neural 
circuits in response to activity. For this reason it has been hypothesized that Npas4 
expression may regulate homeostatic plasticity mechanisms (Maya-Vetencourt, 
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2013) by orchestrating excitatory/inhibitory balance of neural circuits. Particularly by 
engaging inhibitory synapses onto excitatory neurons, and excitatory synapses onto 
inhibitory neurons in response to increased activity (Spiegel et al., 2014). It is 
tempting to speculate that the delayed wave of Npas4 observed when mice undergo 
consolidation of a persistent memory might act as a downscaling mechanism to 
regulate memory intensity and duration.   
Most studies have focused on the processes underlying memory formation and 
consolidation and therefore memory persistence. However recent evidence 
highlights the importance of forgetting mechanisms associated to memory 
transience. The short-lasting memory protocol used in this study is an example of 
learning that does not induce a persistent memory, resulting in passive forgetting 
over time. Nonetheless other types of forgetting have been proposed  [for review see 
(Davis and Zhong, 2017)]. One of these mechanisms is intrinsic forgetting where 
activated signaling pathways compete with consolidation mechanisms to determine 
if a memory will persist or decay. Daily we are exposed to a constant of new 
information and learning events that trigger increases in neuronal excitation. Intrinsic 
forgetting has been proposed to be a homeostatic mechanism to bring the brain back 
to its basal state (Davis and Zhong, 2017). Potentially by acting as a filter to induce 
forgetting of memories that are not required and that do not promote molecular 
mechanisms of consolidation that can override active forgetting activation. Memory 
persistence is associated with long-lasting increases in synaptic strength between 
neurons upon learning. These increases are prolonged over long periods of time 
such as in mechanisms associated with systems consolidation. On the other hand, 
it has been proposed that forgetting occurs when modified synapses are destabilized 
(Richards and Frankland, 2017). Specifically, by overturning potentiated or 
depressed synaptic connections or eliminating newly formed synaptic connections 
during learning. The established role of Npas4 in downscaling activity-dependent 
neuronal activity might suggest it might act as a player in intrinsic forgetting. Indeed, 
we found that artificial induction of late Npas4 expression resulted in remote memory 
impairments. This result might be interpreted as an increase in memory decay or 
induction of intrinsic forgetting. 
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Moreover, we found that induction of delayed Npas4 expression is dependent on 
NMDA receptor activation and not activation of D1 receptors. This result is consistent 
with the exclusive calcium-dependent induction of Npas4 expression. Interestingly it 
has been reported that induction of forgetting mechanisms depend on NMDA 
receptor activation (Sachser et al., 2016). The authors showed that forgetting of 
object recognition memory depends on calcium influx induced partially by activation 
of NMDA receptors after learning has taken place. Rats that were injected with a 
NMDAR antagonist 6h after training, and subsequential daily injections, showed a 
decrease in forgetting. These results suggest that post-acquisition NMDAR 
activation induces memory decay. This finding has also been shown in rats that were 
trained in Morris water maze (Shinohara and Hata, 2014). Chronic infusion of APV 
into the hippocampus 24h after training induces a reduction in forgetting 
mechanisms. It is tempting to speculate that intrinsic forgetting mechanisms that 
depend on NMDAR activation induce Npas4 expression which in turn might 
downscale synaptic inputs in the hippocampus. This hypothesis is supported by the 
dependence of NMDAR activation for Npas4 expression at 4h post-training. An 
obvious follow-up question is if inhibition of NMDAR activity at 4h will result in a more 
stable memory. This experiment would indicate if the late Npas4 expression has a 
bidirectional role in regulating memory stability over time. If such would be the case, 
it is possible that expression of Npas4 induces remodeling of CA1 circuitry by 
inhibitory-excitatory synaptic inputs resulting in synaptic downscaling. This intriguing 
possibility raises the question on the impact of late Npas4 expression on systems 
consolidation mechanisms associated with remote memory formation. Particularly if 
Npas4-mediated downscaling would hinder hippocampal-cortical interactions 
required for the stability of remote memories.  
 
Overall, in this section, we found that persistent memory induces late expression of 
Npas4 in an NMDAR-dependent manner. Moreover, we showed that this expression 




Chapter 5. References 
Abdollahi A, Lord KA, Hoffman-Liebermann B, Liebermann DA (1991) Sequence and 
expression of a cDNA encoding MyD118: a novel myeloid differentiation primary 
response gene induced by multiple cytokines. Oncogene 6:165-167. 
Abel T, Lattal KM (2001) Molecular mechanisms of memory acquisition, consolidation and 
retrieval. Curr Opin Neurobiol 11:180-187. 
Abraham WC, Mason SE, Demmer J, Williams JM, Richardson CL, Tate WP, Lawlor PA, 
Dragunow M (1993) Correlations between immediate early gene induction and the 
persistence of long-term potentiation. Neuroscience 56:717-727. 
Aigbogun MS, Stellhorn R, Krasa H, Kostic D (2017) Severity of memory impairment in the 
elderly: Association with health care resource use and functional limitations in the 
United States. Alzheimer's & dementia (Amsterdam, Netherlands) 8:51-59. 
Alaghband Y, Bredy TW, Wood MA (2016) The role of active DNA demethylation and Tet 
enzyme function in memory formation and cocaine action. Neurosci Lett 625:40-46. 
Alberini CM (2009) Transcription factors in long-term memory and synaptic plasticity. 
Physiological reviews 89:121-145. 
Alonso M, Bevilaqua LR, Izquierdo I, Medina JH, Cammarota M (2003) Memory formation 
requires p38MAPK activity in the rat hippocampus. Neuroreport 14:1989-1992. 
Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke U, Zoghbi HY (1999) Rett 
syndrome is caused by mutations in X-linked MECP2, encoding methyl-CpG-binding 
protein 2. Nat Genet 23:185-188. 
Aparisi Rey A, Karaulanov E, Sharopov S, Arab K, Schäfer A, Gierl M, Guggenhuber S, 
Brandes C, Pennella L, Gruhn WH, Jelinek R, Maul C, Conrad A, Kilb W, Luhmann 
HJ, Niehrs C, Lutz B (2019) Gadd45α modulates aversive learning through post-
transcriptional regulation of memory-related mRNAs. EMBO reports 20. 
Attardo A, Fitzgerald JE, Schnitzer MJ (2015) Impermanence of dendritic spines in live adult 
CA1 hippocampus. Nature 523:592-596. 
Bach ME, Barad M, Son H, Zhuo M, Lu YF, Shih R, Mansuy I, Hawkins RD, Kandel ER 
(1999) Age-related defects in spatial memory are correlated with defects in the late 
phase of hippocampal long-term potentiation in vitro and are attenuated by drugs that 
 113 
enhance the cAMP signaling pathway. Proceedings of the National Academy of 
Sciences of the United States of America 96:5280-5285. 
Balik A, Penn AC, Nemoda Z, Greger IH (2013) Activity-regulated RNA editing in select 
neuronal subfields in hippocampus. Nucleic Acids Res 41:1124-1134. 
Barrientos RM, Kitt MM, Watkins LR, Maier SF (2015) Neuroinflammation in the normal 
aging hippocampus. Neuroscience 309:84-99. 
Bartus RT, Fleming D, Johnson HR (1978) Aging in the rhesus monkey: debilitating effects 
on short-term memory. Journal of gerontology 33:858-871. 
Battaglia S, Garofalo S, di Pellegrino G (2018) Context-dependent extinction of threat 
memories: influences of healthy aging. Scientific reports 8:12592. 
Baubec T, Ivanek R, Lienert F, Schubeler D (2013) Methylation-dependent and -independent 
genomic targeting principles of the MBD protein family. Cell 153:480-492. 
Bayraktar G, Kreutz MR (2018) The Role of Activity-Dependent DNA Demethylation in the 
Adult Brain and in Neurological Disorders. Front Mol Neurosci 11:169. 
Beadling C, Johnson KW, Smith KA (1993) Isolation of interleukin 2-induced immediate-
early genes. Proceedings of the National Academy of Sciences of the United States 
of America 90:2719-2723. 
Bekinschtein P, Cammarota M, Igaz LM, Bevilaqua LR, Izquierdo I, Medina JH (2007) 
Persistence of long-term memory storage requires a late protein synthesis- and 
BDNF- dependent phase in the hippocampus. Neuron 53:261-277. 
Bekinschtein P, Cammarota M, Katche C, Slipczuk L, Rossato JI, Goldin A, Izquierdo I, 
Medina JH (2008) BDNF is essential to promote persistence of long-term memory 
storage. Proceedings of the National Academy of Sciences of the United States of 
America 105:2711-2716. 
Benito E, Barco A (2010) CREB's control of intrinsic and synaptic plasticity: implications 
for CREB-dependent memory models. Trends in neurosciences 33:230-240. 
Benito E, Barco A (2015) The neuronal activity-driven transcriptome. Molecular 
neurobiology 51:1071-1088. 
Bevilaqua LR, Kerr DS, Medina JH, Izquierdo I, Cammarota M (2003) Inhibition of 
hippocampal Jun N-terminal kinase enhances short-term memory but blocks long-
 114 
term memory formation and retrieval of an inhibitory avoidance task. The European 
journal of neuroscience 17:897-902. 
Bonow RH, Aid S, Zhang Y, Becker KG, Bosetti F (2009) The brain expression of genes 
involved in inflammatory response, the ribosome, and learning and memory is altered 
by centrally injected lipopolysaccharide in mice. The pharmacogenomics journal 
9:116-126. 
Borrelli E, Nestler EJ, Allis CD, Sassone-Corsi P (2008) Decoding the epigenetic language 
of neuronal plasticity. Neuron 60:961-974. 
Brigidi GS, Hayes MGB, Delos Santos NP, Hartzell AL, Texari L, Lin PA, Bartlett A, Ecker 
JR, Benner C, Heinz S, Bloodgood BL (2019) Genomic Decoding of Neuronal 
Depolarization by Stimulus-Specific NPAS4 Heterodimers. Cell 179:373-391.e327. 
Brito DVC, Gulmez Karaca K (2018) Neuronal Chromatin Architecture Regulator CTCF 
Dictates Remote Memory. J Neurosci 38:10239-10240. 
Brito DVC, Gulmez Karaca K, Kupke J, Frank L, Oliveira AMM (2020a) MeCP2 gates 
spatial learning-induced alternative splicing events in the mouse hippocampus. 
Molecular brain 13:156. 
Brito DVC, Kupke J, Gulmez Karaca K, Zeuch B, Oliveira AMM (2020b) Mimicking Age-
Associated Gadd45gamma Dysregulation Results in Memory Impairments in Young 
Adult Mice. J Neurosci 40:1197-1210. 
Brito DVC, Gulmez Karaca K, Kupke J, Mudlaff F, Zeuch B, Gomes R, Lopes LV, Oliveira 
AMM (2020c) Modeling human age-associated increase in Gadd45gamma 
expression leads to spatial recognition memory impairments in young adult mice. 
Neurobiology of aging 94:281-286. 
Brunelli M, Castellucci V, Kandel ER (1976) Synaptic facilitation and behavioral 
sensitization in Aplysia: possible role of serotonin and cyclic AMP. Science (New 
York, NY) 194:1178-1181. 
Buckley PT, Lee MT, Sul JY, Miyashiro KY, Bell TJ, Fisher SA, Kim J, Eberwine J (2011) 
Cytoplasmic intron sequence-retaining transcripts can be dendritically targeted via ID 
element retrotransposons. Neuron 69:877-884. 
Burger C (2010) Region-specific genetic alterations in the aging hippocampus: implications 
for cognitive aging. Front Aging Neurosci 2:140. 
 115 
Burger C, Gorbatyuk OS, Velardo MJ, Peden CS, Williams P, Zolotukhin S, Reier PJ, 
Mandel RJ, Muzyczka N (2004) Recombinant AAV viral vectors pseudotyped with 
viral capsids from serotypes 1, 2, and 5 display differential efficiency and cell tropism 
after delivery to different regions of the central nervous system. Molecular therapy : 
the journal of the American Society of Gene Therapy 10:302-317. 
Burke SN, Barnes CA (2006) Neural plasticity in the ageing brain. Nature reviews 
Neuroscience 7:30-40. 
Burke SN, Ryan L, Barnes CA (2012) Characterizing cognitive aging of recognition memory 
and related processes in animal models and in humans. Front Aging Neurosci 4:15. 
Cassel JC, Lazaris A, Birthelmer A, Jackisch R (2007) Spatial reference- (not working- or 
procedural-) memory performance of aged rats in the water maze predicts the 
magnitude of sulpiride-induced facilitation of acetylcholine release by striatal slices. 
Neurobiology of aging 28:1270-1285. 
Chahrour M, Jung SY, Shaw C, Zhou X, Wong ST, Qin J, Zoghbi HY (2008) MeCP2, a key 
contributor to neurological disease, activates and represses transcription. Science 
(New York, NY) 320:1224-1229. 
Champagne FA, Curley JP (2009) Epigenetic mechanisms mediating the long-term effects 
of maternal care on development. Neurosci Biobehav Rev 33:593-600. 
Chapleau CA, Calfa GD, Lane MC, Albertson AJ, Larimore JL, Kudo S, Armstrong DL, 
Percy AK, Pozzo-Miller L (2009) Dendritic spine pathologies in hippocampal 
pyramidal neurons from Rett syndrome brain and after expression of Rett-associated 
MECP2 mutations. Neurobiology of disease 35:219-233. 
Cheng J, Huang M, Zhu Y, Xin YJ, Zhao YK, Huang J, Yu JX, Zhou WH, Qiu Z (2014) 
SUMOylation of MeCP2 is essential for transcriptional repression and hippocampal 
synapse development. J Neurochem 128:798-806. 
Cheng TL, Chen J, Wan H, Tang B, Tian W, Liao L, Qiu Z (2017) Regulation of mRNA 
splicing by MeCP2 via epigenetic modifications in the brain. Scientific reports 
7:42790. 
Cheval H, Guy J, Merusi C, De Sousa D, Selfridge J, Bird A (2012) Postnatal inactivation 
reveals enhanced requirement for MeCP2 at distinct age windows. Human molecular 
genetics 21:3806-3814. 
 116 
Cho J, Yu NK, Choi JH, Sim SE, Kang SJ, Kwak C, Lee SW, Kim JI, Choi DI, Kim VN, 
Kaang BK (2015) Multiple repressive mechanisms in the hippocampus during 
memory formation. Science (New York, NY) 350:82-87. 
Coffey ET (2014) Nuclear and cytosolic JNK signalling in neurons. Nature reviews 
Neuroscience 15:285-299. 
Cohen S, Greenberg ME (2008) Communication between the synapse and the nucleus in 
neuronal development, plasticity, and disease. Annu Rev Cell Dev Biol 24:183-209. 
Correa SA, Eales KL (2012) The Role of p38 MAPK and Its Substrates in Neuronal Plasticity 
and Neurodegenerative Disease. Journal of signal transduction 2012:649079. 
da Silva RL, Resende RR, Ulrich H (2007) Alternative splicing of P2X6 receptors in 
developing mouse brain and during in vitro neuronal differentiation. Exp Physiol 
92:139-145. 
Dana H, Mohar B, Sun Y, Narayan S, Gordus A, Hasseman JP, Tsegaye G, Holt GT, Hu A, 
Walpita D, Patel R, Macklin JJ, Bargmann CI, Ahrens MB, Schreiter ER, Jayaraman 
V, Looger LL, Svoboda K, Kim DS (2016) Sensitive red protein calcium indicators 
for imaging neural activity. eLife 5. 
Dash PK, Hochner B, Kandel ER (1990) Injection of the cAMP-responsive element into the 
nucleus of Aplysia sensory neurons blocks long-term facilitation. Nature 345:718-
721. 
DaSilva LL, Wall MJ, L PdA, Wauters SC, Januário YC, Müller J, Corrêa SA (2016) 
Activity-Regulated Cytoskeleton-Associated Protein Controls AMPAR Endocytosis 
through a Direct Interaction with Clathrin-Adaptor Protein 2. eNeuro 3. 
Davis RL, Zhong Y (2017) The Biology of Forgetting-A Perspective. Neuron 95:490-503. 
Deak M, Clifton AD, Lucocq LM, Alessi DR (1998) Mitogen- and stress-activated protein 
kinase-1 (MSK1) is directly activated by MAPK and SAPK2/p38, and may mediate 
activation of CREB. Embo j 17:4426-4441. 
Demyanenko GP, Mohan V, Zhang X, Brennaman LH, Dharbal KE, Tran TS, Manis PB, 
Maness PF (2014) Neural cell adhesion molecule NrCAM regulates Semaphorin 3F-
induced dendritic spine remodeling. J Neurosci 34:11274-11287. 
 117 
Deng JV, Rodriguiz RM, Hutchinson AN, Kim IH, Wetsel WC, West AE (2010) MeCP2 in 
the nucleus accumbens contributes to neural and behavioral responses to 
psychostimulants. Nat Neurosci 13:1128-1136. 
Diaz-Hernandez JI, Sebastian-Serrano A, Gomez-Villafuertes R, Diaz-Hernandez M, Miras-
Portugal MT (2015) Age-related nuclear translocation of P2X6 subunit modifies 
splicing activity interacting with splicing factor 3A1. PloS one 10:e0123121. 
Dunnett SB, Evenden JL, Iversen SD (1988) Delay-dependent short-term memory deficits in 
aged rats. Psychopharmacology 96:174-180. 
Emptage NJ, Carew TJ (1993) Long-term synaptic facilitation in the absence of short-term 
facilitation in Aplysia neurons. Science (New York, NY) 262:253-256. 
Erickson CA, Barnes CA (2003) The neurobiology of memory changes in normal aging. Exp 
Gerontol 38:61-69. 
Flavell SW, Greenberg ME (2008) Signaling mechanisms linking neuronal activity to gene 
expression and plasticity of the nervous system. Annu Rev Neurosci 31:563-590. 
Fleischmann A, Hvalby O, Jensen V, Strekalova T, Zacher C, Layer LE, Kvello A, Reschke 
M, Spanagel R, Sprengel R, Wagner EF, Gass P (2003) Impaired long-term memory 
and NR2A-type NMDA receptor-dependent synaptic plasticity in mice lacking c-Fos 
in the CNS. J Neurosci 23:9116-9122. 
Flexner JB, Flexner LB, Stellar E, De La Haba G, Roberts RB (1962) Inhibition of protein 
synthesis in brain and learning and memory following puromycin. J Neurochem 
9:595-605. 
Flicker C, Bartus RT, Crook TH, Ferris SH (1984) Effects of aging and dementia upon recent 
visuospatial memory. Neurobiology of aging 5:275-283. 
Fornace AJ, Jr., Alamo I, Jr., Hollander MC (1988) DNA damage-inducible transcripts in 
mammalian cells. Proceedings of the National Academy of Sciences of the United 
States of America 85:8800-8804. 
Foster TC, Defazio RA, Bizon JL (2012) Characterizing cognitive aging of spatial and 
contextual memory in animal models. Front Aging Neurosci 4:12. 
Foster TC, Sharrow KM, Masse JR, Norris CM, Kumar A (2001) Calcineurin links Ca2+ 
dysregulation with brain aging. J Neurosci 21:4066-4073. 
 118 
Fu XD, Ares M, Jr. (2014) Context-dependent control of alternative splicing by RNA-
binding proteins. Nat Rev Genet 15:689-701. 
Gavin DP, Sharma RP, Chase KA, Matrisciano F, Dong E, Guidotti A (2012) Growth arrest 
and DNA-damage-inducible, beta (GADD45b)-mediated DNA demethylation in 
major psychosis. Neuropsychopharmacology 37:531-542. 
Gemelli T, Berton O, Nelson ED, Perrotti LI, Jaenisch R, Monteggia LM (2006) Postnatal 
loss of methyl-CpG binding protein 2 in the forebrain is sufficient to mediate 
behavioral aspects of Rett syndrome in mice. Biol Psychiatry 59:468-476. 
Giese KP, Mizuno K (2013) The roles of protein kinases in learning and memory. Learning 
& memory (Cold Spring Harbor, NY) 20:540-552. 
Goshen I, Brodsky M, Prakash R, Wallace J, Gradinaru V, Ramakrishnan C, Deisseroth K 
(2011) Dynamics of retrieval strategies for remote memories. Cell 147:678-689. 
Grassi D, Franz H, Vezzali R, Bovio P, Heidrich S, Dehghanian F, Lagunas N, Belzung C, 
Krieglstein K, Vogel T (2017) Neuronal Activity, TGFbeta-Signaling and 
Unpredictable Chronic Stress Modulate Transcription of Gadd45 Family Members 
and DNA Methylation in the Hippocampus. Cerebral cortex (New York, NY : 1991) 
27:4166-4181. 
Greve A, Donaldson DI, van Rossum MC (2010) A single-trace dual-process model of 
episodic memory: a novel computational account of familiarity and recollection. 
Hippocampus 20:235-251. 
Guan Z, Kim JH, Lomvardas S, Holick K, Xu S, Kandel ER, Schwartz JH (2003) p38 MAP 
kinase mediates both short-term and long-term synaptic depression in aplysia. J 
Neurosci 23:7317-7325. 
Gulmez Karaca K, Brito DVC, Oliveira AMM (2019) MeCP2: A Critical Regulator of 
Chromatin in Neurodevelopment and Adult Brain Function. Int J Mol Sci 20. 
Gulmez Karaca K, Brito DVC, Zeuch B, Oliveira AMM (2018) Adult hippocampal MeCP2 
preserves the genomic responsiveness to learning required for long-term memory 
formation. Neurobiology of learning and memory 149:84-97. 
Gulmez Karaca K, Kupke J, Brito DVC, Zeuch B, Thome C, Weichenhan D, Lutsik P, Plass 
C, Oliveira AMM (2020) Neuronal ensemble-specific DNA methylation strengthens 
engram stability. Nature communications 11:639. 
 119 
Guo JU, Ma DK, Mo H, Ball MP, Jang MH, Bonaguidi MA, Balazer JA, Eaves HL, Xie B, 
Ford E, Zhang K, Ming GL, Gao Y, Song H (2011) Neuronal activity modifies the 
DNA methylation landscape in the adult brain. Nat Neurosci 14:1345-1351. 
Hai T, Hartman MG (2001) The molecular biology and nomenclature of the activating 
transcription factor/cAMP responsive element binding family of transcription factors: 
activating transcription factor proteins and homeostasis. Gene 273:1-11. 
Hattiangady B, Rao MS, Shetty GA, Shetty AK (2005) Brain-derived neurotrophic factor, 
phosphorylated cyclic AMP response element binding protein and neuropeptide Y 
decline as early as middle age in the dentate gyrus and CA1 and CA3 subfields of the 
hippocampus. Exp Neurol 195:353-371. 
Healy S, Khan P, Davie JR (2013) Immediate early response genes and cell transformation. 
Pharmacol Ther 137:64-77. 
Hernandez PJ, Abel T (2008) The role of protein synthesis in memory consolidation: progress 
amid decades of debate. Neurobiology of learning and memory 89:293-311. 
Holliday R (2006) Epigenetics: a historical overview. Epigenetics 1:76-80. 
Hong SJ, Li H, Becker KG, Dawson VL, Dawson TM (2004) Identification and analysis of 
plasticity-induced late-response genes. Proceedings of the National Academy of 
Sciences of the United States of America 101:2145-2150. 
Ianov L, De Both M, Chawla MK, Rani A, Kennedy AJ, Piras I, Day JJ, Siniard A, Kumar 
A, Sweatt JD, Barnes CA, Huentelman MJ, Foster TC (2017) Hippocampal 
Transcriptomic Profiles: Subfield Vulnerability to Age and Cognitive Impairment. 
Front Aging Neurosci 9:383. 
Impey S, McCorkle SR, Cha-Molstad H, Dwyer JM, Yochum GS, Boss JM, McWeeney S, 
Dunn JJ, Mandel G, Goodman RH (2004) Defining the CREB regulon: a genome-
wide analysis of transcription factor regulatory regions. Cell 119:1041-1054. 
Ip JPK, Mellios N, Sur M (2018) Rett syndrome: insights into genetic, molecular and circuit 
mechanisms. Nature reviews Neuroscience 19:368-382. 
Izquierdo I, Medina JH (1997) Memory formation: the sequence of biochemical events in the 
hippocampus and its connection to activity in other brain structures. Neurobiology of 
learning and memory 68:285-316. 
 120 
Izquierdo I, Medina JH, Vianna MR, Izquierdo LA, Barros DM (1999) Separate mechanisms 
for short- and long-term memory. Behavioural brain research 103:1-11. 
Izquierdo I, Barros DM, Mello e Souza T, de Souza MM, Izquierdo LA, Medina JH (1998) 
Mechanisms for memory types differ. Nature 393:635-636. 
Izquierdo LA, Barros DM, Vianna MR, Coitinho A, deDavid e Silva T, Choi H, Moletta B, 
Medina JH, Izquierdo I (2002) Molecular pharmacological dissection of short- and 
long-term memory. Cell Mol Neurobiol 22:269-287. 
James W (1890) The principles of psychology. New York,: H. Holt and company. 
Kaczmarek-Hajek K, Lorinczi E, Hausmann R, Nicke A (2012) Molecular and functional 
properties of P2X receptors--recent progress and persisting challenges. Purinergic 
Signal 8:375-417. 
Kandel ER (2001) The molecular biology of memory storage: a dialogue between genes and 
synapses. Science (New York, NY) 294:1030-1038. 
Kandel ER (2012) The molecular biology of memory: cAMP, PKA, CRE, CREB-1, CREB-
2, and CPEB. Molecular brain 5:14. 
Kandel ER, Dudai Y, Mayford MR (2014) The molecular and systems biology of memory. 
Cell 157:163-186. 
Karunakaran S, Chowdhury A, Donato F, Quairiaux C, Michel CM, Caroni P (2016) PV 
plasticity sustained through D1/5 dopamine signaling required for long-term memory 
consolidation. Nat Neurosci 19:454-464. 
Katche C, Cammarota M, Medina JH (2013) Molecular signatures and mechanisms of long-
lasting memory consolidation and storage. Neurobiology of learning and memory 
106:40-47. 
Katche C, Goldin A, Gonzalez C, Bekinschtein P, Medina JH (2012) Maintenance of long-
term memory storage is dependent on late posttraining Egr-1 expression. 
Neurobiology of learning and memory 98:220-227. 
Katche C, Bekinschtein P, Slipczuk L, Goldin A, Izquierdo IA, Cammarota M, Medina JH 
(2010) Delayed wave of c-Fos expression in the dorsal hippocampus involved 
specifically in persistence of long-term memory storage. Proceedings of the National 
Academy of Sciences of the United States of America 107:349-354. 
 121 
Kaufmann LT, Niehrs C (2011) Gadd45a and Gadd45g regulate neural development and exit 
from pluripotency in Xenopus. Mechanisms of development 128:401-411. 
Kawashima T, Kitamura K, Suzuki K, Nonaka M, Kamijo S, Takemoto-Kimura S, Kano M, 
Okuno H, Ohki K, Bito H (2013) Functional labeling of neurons and their projections 
using the synthetic activity-dependent promoter E-SARE. Nature methods 10:889-
895. 
Kennard JA, Woodruff-Pak DS (2011) Age sensitivity of behavioral tests and brain 
substrates of normal aging in mice. Front Aging Neurosci 3:9. 
Kennard JA, Brown KL, Woodruff-Pak DS (2013) Aging in the cerebellum and hippocampus 
and associated behaviors over the adult life span of CB6F1 mice. Neuroscience 
247:335-350. 
Kienhofer S, Musheev MU, Stapf U, Helm M, Schomacher L, Niehrs C, Schafer A (2015) 
GADD45a physically and functionally interacts with TET1. Differentiation 90:59-
68. 
Kigar SL, Chang L, Auger AP (2015) Gadd45b is an epigenetic regulator of juvenile social 
behavior and alters local pro-inflammatory cytokine production in the rodent 
amygdala. Brain Behav Immun 46:60-69. 
Kim TK, Hemberg M, Gray JM, Costa AM, Bear DM, Wu J, Harmin DA, Laptewicz M, 
Barbara-Haley K, Kuersten S, Markenscoff-Papadimitriou E, Kuhl D, Bito H, Worley 
PF, Kreiman G, Greenberg ME (2010) Widespread transcription at neuronal activity-
regulated enhancers. Nature 465:182-187. 
Kishi N, Macklis JD (2004) MECP2 is progressively expressed in post-migratory neurons 
and is involved in neuronal maturation rather than cell fate decisions. Mol Cell 
Neurosci 27:306-321. 
Korb E, Finkbeiner S (2011) Arc in synaptic plasticity: from gene to behavior. Trends in 
neurosciences 34:591-598. 
Korb E, Wilkinson CL, Delgado RN, Lovero KL, Finkbeiner S (2013) Arc in the nucleus 
regulates PML-dependent GluA1 transcription and homeostatic plasticity. Nat 
Neurosci 16:874-883. 
 122 
Krawczyk MC, Navarro N, Blake MG, Romano A, Feld M, Boccia MM (2016) 
Reconsolidation-induced memory persistence: Participation of late phase 
hippocampal ERK activation. Neurobiology of learning and memory 133:79-88. 
Kudo K, Wati H, Qiao C, Arita J, Kanba S (2005) Age-related disturbance of memory and 
CREB phosphorylation in CA1 area of hippocampus of rats. Brain Res 1054:30-37. 
La Via L, Bonini D, Russo I, Orlandi C, Barlati S, Barbon A (2013) Modulation of dendritic 
AMPA receptor mRNA trafficking by RNA splicing and editing. Nucleic Acids Res 
41:617-631. 
Lacar B, Linker SB, Jaeger BN, Krishnaswami SR, Barron JJ, Kelder MJE, Parylak SL, 
Paquola ACM, Venepally P, Novotny M, O'Connor C, Fitzpatrick C, Erwin JA, Hsu 
JY, Husband D, McConnell MJ, Lasken R, Gage FH (2016) Nuclear RNA-seq of 
single neurons reveals molecular signatures of activation. Nature communications 
7:11022. 
Lamprecht R (1999) CREB: a message to remember. Cell Mol Life Sci 55:554-563. 
Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and memory-efficient 
alignment of short DNA sequences to the human genome. Genome Biol 10:R25. 
Leach PT, Poplawski SG, Kenney JW, Hoffman B, Liebermann DA, Abel T, Gould TJ 
(2012) Gadd45b knockout mice exhibit selective deficits in hippocampus-dependent 
long-term memory. Learning & memory (Cold Spring Harbor, NY) 19:319-324. 
Leal SL, Yassa MA (2015) Neurocognitive Aging and the Hippocampus across Species. 
Trends in neurosciences 38:800-812. 
Lev Maor G, Yearim A, Ast G (2015) The alternative role of DNA methylation in splicing 
regulation. Trends Genet 31:274-280. 
Li R, Dong Q, Yuan X, Zeng X, Gao Y, Chiao C, Li H, Zhao X, Keles S, Wang Z, Chang Q 
(2016) Misregulation of Alternative Splicing in a Mouse Model of Rett Syndrome. 
PLoS Genet 12:e1006129. 
Li X, Marshall PR, Leighton LJ, Zajaczkowski EL, Wang Z, Madugalle SU, Yin J, Bredy 
TW, Wei W (2018) The DNA repair associated protein Gadd45 regulates the 
temporal coding of immediate early gene expression within the prelimbic prefrontal 
cortex and is required for the consolidation of associative fear memory. J Neurosci. 
 123 
Li Z, Gu TP, Weber AR, Shen JZ, Li BZ, Xie ZG, Yin R, Guo F, Liu X, Tang F, Wang H, 
Schär P, Xu GL (2015) Gadd45a promotes DNA demethylation through TDG. 
Nucleic Acids Res 43:3986-3997. 
Lin Y, Bloodgood BL, Hauser JL, Lapan AD, Koon AC, Kim TK, Hu LS, Malik AN, 
Greenberg ME (2008) Activity-dependent regulation of inhibitory synapse 
development by Npas4. Nature 455:1198-1204. 
Liu H, Wang H, Peterson M, Zhang W, Hou G, Zhang ZW (2019) N-terminal alternative 
splicing of GluN1 regulates the maturation of excitatory synapses and seizure 
susceptibility. Proceedings of the National Academy of Sciences of the United States 
of America 116:21207-21212. 
Loerch PM, Lu T, Dakin KA, Vann JM, Isaacs A, Geula C, Wang J, Pan Y, Gabuzda DH, Li 
C, Prolla TA, Yankner BA (2008) Evolution of the aging brain transcriptome and 
synaptic regulation. PloS one 3:e3329. 
Lonze BE, Ginty DD (2002) Function and regulation of CREB family transcription factors 
in the nervous system. Neuron 35:605-623. 
Ma DK, Jang MH, Guo JU, Kitabatake Y, Chang ML, Pow-Anpongkul N, Flavell RA, Lu 
B, Ming GL, Song H (2009) Neuronal activity-induced Gadd45b promotes epigenetic 
DNA demethylation and adult neurogenesis. Science (New York, NY) 323:1074-
1077. 
Malik AN, Vierbuchen T, Hemberg M, Rubin AA, Ling E, Couch CH, Stroud H, Spiegel I, 
Farh KK, Harmin DA, Greenberg ME (2014) Genome-wide identification and 
characterization of functional neuronal activity-dependent enhancers. Nat Neurosci 
17:1330-1339. 
Mansuy IM, Mayford M, Jacob B, Kandel ER, Bach ME (1998) Restricted and regulated 
overexpression reveals calcineurin as a key component in the transition from short-
term to long-term memory. Cell 92:39-49. 
Masin M, Kerschensteiner D, Dumke K, Rubio ME, Soto F (2006) Fe65 interacts with P2X2 
subunits at excitatory synapses and modulates receptor function. The Journal of 
biological chemistry 281:4100-4108. 
 124 
Matosin N, Fernandez-Enright F, Lum JS, Engel M, Andrews JL, Gassen NC, Wagner KV, 
Schmidt MV, Newell KA (2016) Molecular evidence of synaptic pathology in the 
CA1 region in schizophrenia. NPJ Schizophr 2:16022. 
Mauceri D, Hagenston AM, Schramm K, Weiss U, Bading H (2015) Nuclear Calcium 
Buffering Capacity Shapes Neuronal Architecture. The Journal of biological 
chemistry 290:23039-23049. 
Maunakea AK, Chepelev I, Cui K, Zhao K (2013) Intragenic DNA methylation modulates 
alternative splicing by recruiting MeCP2 to promote exon recognition. Cell Res 
23:1256-1269. 
Maya-Vetencourt JF (2013) Activity-dependent NPAS4 expression and the regulation of 
gene programs underlying plasticity in the central nervous system. Neural Plast 
2013:683909. 
McDougall W (1923) Outline of psychology. New York, Chicago etc.: C. Scribner's sons. 
McGraw CM, Samaco RC, Zoghbi HY (2011) Adult neural function requires MeCP2. 
Science (New York, NY) 333:186. 
Milner B, Penfield W (1955) The effect of hippocampal lesions on recent memory. Trans 
Am Neurol Assoc:42-48. 
Miyake Z, Takekawa M, Ge Q, Saito H (2007) Activation of MTK1/MEKK4 by GADD45 
through induced N-C dissociation and dimerization-mediated trans 
autophosphorylation of the MTK1 kinase domain. Molecular and cellular biology 
27:2765-2776. 
Mizuno K, Dempster E, Mill J, Giese KP (2012) Long-lasting regulation of hippocampal 
Bdnf gene transcription after contextual fear conditioning. Genes, brain, and behavior 
11:651-659. 
Moga DE, Calhoun ME, Chowdhury A, Worley P, Morrison JH, Shapiro ML (2004) 
Activity-regulated cytoskeletal-associated protein is localized to recently activated 
excitatory synapses. Neuroscience 125:7-11. 
Montarolo PG, Goelet P, Castellucci VF, Morgan J, Kandel ER, Schacher S (1986) A critical 
period for macromolecular synthesis in long-term heterosynaptic facilitation in 
Aplysia. Science (New York, NY) 234:1249-1254. 
 125 
Monti B, Berteotti C, Contestabile A (2005) Dysregulation of memory-related proteins in the 
hippocampus of aged rats and their relation with cognitive impairment. Hippocampus 
15:1041-1049. 
Morel C, Sherrin T, Kennedy NJ, Forest KH, Avcioglu Barutcu S, Robles M, Carpenter-
Hyland E, Alfulaij N, Standen CL, Nichols RA, Benveniste M, Davis RJ, Todorovic 
C (2018) JIP1-Mediated JNK Activation Negatively Regulates Synaptic Plasticity 
and Spatial Memory. J Neurosci 38:3708-3728. 
Moretti P, Levenson JM, Battaglia F, Atkinson R, Teague R, Antalffy B, Armstrong D, 
Arancio O, Sweatt JD, Zoghbi HY (2006) Learning and memory and synaptic 
plasticity are impaired in a mouse model of Rett syndrome. J Neurosci 26:319-327. 
Moser MB, Trommald M, Andersen P (1994) An increase in dendritic spine density on 
hippocampal CA1 pyramidal cells following spatial learning in adult rats suggests the 
formation of new synapses. Proceedings of the National Academy of Sciences of the 
United States of America 91:12673-12675. 
Moskalev AA, Smit-McBride Z, Shaposhnikov MV, Plyusnina EN, Zhavoronkov A, 
Budovsky A, Tacutu R, Fraifeld VE (2012) Gadd45 proteins: relevance to aging, 
longevity and age-related pathologies. Ageing research reviews 11:51-66. 
Moy SS, Nonneman RJ, Young NB, Demyanenko GP, Maness PF (2009) Impaired 
sociability and cognitive function in Nrcam-null mice. Behavioural brain research 
205:123-131. 
Mulkey RM, Endo S, Shenolikar S, Malenka RC (1994) Involvement of a 
calcineurin/inhibitor-1 phosphatase cascade in hippocampal long-term depression. 
Nature 369:486-488. 
Na ES, Nelson ED, Kavalali ET, Monteggia LM (2013) The impact of MeCP2 loss- or gain-
of-function on synaptic plasticity. Neuropsychopharmacology 38:212-219. 
Nakanishi N, Axel R, Shneider NA (1992) Alternative splicing generates functionally 
distinct N-methyl-D-aspartate receptors. Proceedings of the National Academy of 
Sciences of the United States of America 89:8552-8556. 
Nakayama D, Iwata H, Teshirogi C, Ikegaya Y, Matsuki N, Nomura H (2015) Long-delayed 
expression of the immediate early gene Arc/Arg3.1 refines neuronal circuits to 
perpetuate fear memory. J Neurosci 35:819-830. 
 126 
Nan X, Ng HH, Johnson CA, Laherty CD, Turner BM, Eisenman RN, Bird A (1998) 
Transcriptional repression by the methyl-CpG-binding protein MeCP2 involves a 
histone deacetylase complex. Nature 393:386-389. 
Nedivi E, Hevroni D, Naot D, Israeli D, Citri Y (1993) Numerous candidate plasticity-related 
genes revealed by differential cDNA cloning. Nature 363:718-722. 
Nguyen MV, Du F, Felice CA, Shan X, Nigam A, Mandel G, Robinson JK, Ballas N (2012) 
MeCP2 is critical for maintaining mature neuronal networks and global brain 
anatomy during late stages of postnatal brain development and in the mature adult 
brain. J Neurosci 32:10021-10034. 
Nilsen TW, Graveley BR (2010) Expansion of the eukaryotic proteome by alternative 
splicing. Nature 463:457-463. 
Okuno H (2011) Regulation and function of immediate-early genes in the brain: beyond 
neuronal activity markers. Neuroscience research 69:175-186. 
Oliveira AM, Bading H (2011) Calcium signaling in cognition and aging-dependent 
cognitive decline. BioFactors (Oxford, England) 37:168-174. 
Oliveira AM, Hemstedt TJ, Bading H (2012) Rescue of aging-associated decline in Dnmt3a2 
expression restores cognitive abilities. Nat Neurosci 15:1111-1113. 
Oliveira AM, Hemstedt TJ, Freitag HE, Bading H (2016) Dnmt3a2: a hub for enhancing 
cognitive functions. Mol Psychiatry 21:1130-1136. 
Osenberg S, Karten A, Sun J, Li J, Charkowick S, Felice CA, Kritzer M, Nguyen MVC, Yu 
P, Ballas N (2018) Activity-dependent aberrations in gene expression and alternative 
splicing in a mouse model of Rett syndrome. Proceedings of the National Academy 
of Sciences of the United States of America 115:E5363-e5372. 
Pan Q, Shai O, Lee LJ, Frey BJ, Blencowe BJ (2008) Deep surveying of alternative splicing 
complexity in the human transcriptome by high-throughput sequencing. Nat Genet 
40:1413-1415. 
Pastuzyn ED, Day CE, Kearns RB, Kyrke-Smith M, Taibi AV, McCormick J, Yoder N, 
Belnap DM, Erlendsson S, Morado DR, Briggs JAG, Feschotte C, Shepherd JD 
(2018) The Neuronal Gene Arc Encodes a Repurposed Retrotransposon Gag Protein 
that Mediates Intercellular RNA Transfer. Cell 173:275. 
 127 
Paylor R, Johnson RS, Papaioannou V, Spiegelman BM, Wehner JM (1994) Behavioral 
assessment of c-fos mutant mice. Brain Res 651:275-282. 
Penner MR, Parrish RR, Hoang LT, Roth TL, Lubin FD, Barnes CA (2016) Age-related 
changes in Egr1 transcription and DNA methylation within the hippocampus. 
Hippocampus 26:1008-1020. 
Pliassova A, Canas PM, Xavier AC, da Silva BS, Cunha RA, Agostinho P (2016) Age-
Related Changes in the Synaptic Density of Amyloid-beta Protein Precursor and 
Secretases in the Human Cerebral Cortex. J Alzheimers Dis 52:1209-1214. 
Ploski JE, Monsey MS, Nguyen T, DiLeone RJ, Schafe GE (2011) The neuronal PAS domain 
protein 4 (Npas4) is required for new and reactivated fear memories. PloS one 
6:e23760. 
Poplawski SG, Peixoto L, Porcari GS, Wimmer ME, McNally AG, Mizuno K, Giese KP, 
Chatterjee S, Koberstein JN, Risso D, Speed TP, Abel T (2016) Contextual fear 
conditioning induces differential alternative splicing. Neurobiology of learning and 
memory 134 Pt B:221-235. 
Porte Y, Buhot MC, Mons N (2008) Alteration of CREB phosphorylation and spatial memory 
deficits in aged 129T2/Sv mice. Neurobiology of aging 29:1533-1546. 
Pougnet JT, Toulme E, Martinez A, Choquet D, Hosy E, Boue-Grabot E (2014) ATP P2X 
receptors downregulate AMPA receptor trafficking and postsynaptic efficacy in 
hippocampal neurons. Neuron 83:417-430. 
Pougnet JT, Compans B, Martinez A, Choquet D, Hosy E, Boué-Grabot E (2016) P2X-
mediated AMPA receptor internalization and synaptic depression is controlled by two 
CaMKII phosphorylation sites on GluA1 in hippocampal neurons. Scientific reports 
6:31836. 
Pruunsild P, Bengtson CP, Bading H (2017) Networks of Cultured iPSC-Derived Neurons 
Reveal the Human Synaptic Activity-Regulated Adaptive Gene Program. Cell reports 
18:122-135. 
Pruunsild P, Sepp M, Orav E, Koppel I, Timmusk T (2011) Identification of cis-elements 
and transcription factors regulating neuronal activity-dependent transcription of 
human BDNF gene. J Neurosci 31:3295-3308. 
 128 
Quillfeldt JA (2019) Temporal Flexibility of Systems Consolidation and the Synaptic 
Occupancy/Reset Theory (SORT): Cues About the Nature of the Engram. Front 
Synaptic Neurosci 11:1. 
Ramamoorthi K, Fropf R, Belfort GM, Fitzmaurice HL, McKinney RM, Neve RL, Otto T, 
Lin Y (2011) Npas4 regulates a transcriptional program in CA3 required for 
contextual memory formation. Science (New York, NY) 334:1669-1675. 
Ramirez-Amaya V, Angulo-Perkins A, Chawla MK, Barnes CA, Rosi S (2013) Sustained 
transcription of the immediate early gene Arc in the dentate gyrus after spatial 
exploration. J Neurosci 33:1631-1639. 
Ramirez-Amaya V, Vazdarjanova A, Mikhael D, Rosi S, Worley PF, Barnes CA (2005) 
Spatial exploration-induced Arc mRNA and protein expression: evidence for 
selective, network-specific reactivation. J Neurosci 25:1761-1768. 
Rao-Ruiz P, Couey JJ, Marcelo IM, Bouwkamp CG, Slump DE, Matos MR, van der Loo RJ, 
Martins GJ, van den Hout M, van IWF, Costa RM, van den Oever MC, Kushner SA 
(2019) Engram-specific transcriptome profiling of contextual memory consolidation. 
Nature communications 10:2232. 
Rapp PR, Kansky MT, Roberts JA (1997) Impaired spatial information processing in aged 
monkeys with preserved recognition memory. Neuroreport 8:1923-1928. 
Rawji KS, Mishra MK, Michaels NJ, Rivest S, Stys PK, Yong VW (2016) 
Immunosenescence of microglia and macrophages: impact on the ageing central 
nervous system. Brain : a journal of neurology 139:653-661. 
Ribot T, Smith WH (1882) Diseases of memory. New York,: D. Appleton and company. 
Richards BA, Frankland PW (2017) The Persistence and Transience of Memory. Neuron 
94:1071-1084. 
Riedel G, Micheau J, Lam AG, Roloff EL, Martin SJ, Bridge H, de Hoz L, Poeschel B, 
McCulloch J, Morris RG (1999) Reversible neural inactivation reveals hippocampal 
participation in several memory processes. Nat Neurosci 2:898-905. 
Rossato JI, Bevilaqua LR, Izquierdo I, Medina JH, Cammarota M (2009) Dopamine controls 
persistence of long-term memory storage. Science (New York, NY) 325:1017-1020. 
Rowe WB, Blalock EM, Chen KC, Kadish I, Wang D, Barrett JE, Thibault O, Porter NM, 
Rose GM, Landfield PW (2007) Hippocampal expression analyses reveal selective 
 129 
association of immediate-early, neuroenergetic, and myelinogenic pathways with 
cognitive impairment in aged rats. J Neurosci 27:3098-3110. 
Rubio ME, Soto F (2001) Distinct Localization of P2X receptors at excitatory postsynaptic 
specializations. J Neurosci 21:641-653. 
Ryan L, Hay M, Huentelman MJ, Duarte A, Rundek T, Levin B, Soldan A, Pettigrew C, 
Mehl MR, Barnes CA (2019a) Precision Aging: Applying Precision Medicine to the 
Field of Cognitive Aging. Front Aging Neurosci 11:128. 
Ryan L, Hay M, Huentelman MJ, Duarte A, Rundek T, Levin B, Soldan A, Pettigrew C, 
Mehl MR, Barnes CA (2019b) Precision Aging: Applying Precision Medicine to the 
Field of Cognitive Aging. Frontiers in Aging Neuroscience 11. 
Sachser RM, Santana F, Crestani AP, Lunardi P, Pedraza LK, Quillfeldt JA, Hardt O, Alvares 
Lde O (2016) Forgetting of long-term memory requires activation of NMDA 
receptors, L-type voltage-dependent Ca2+ channels, and calcineurin. Scientific 
reports 6:22771. 
Sakurai T (2012) The role of NrCAM in neural development and disorders--beyond a simple 
glue in the brain. Mol Cell Neurosci 49:351-363. 
Sanders J, Cowansage K, Baumgartel K, Mayford M (2012) Elimination of dendritic spines 
with long-term memory is specific to active circuits. J Neurosci 32:12570-12578. 
Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, 
Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, 
Tomancak P, Cardona A (2012) Fiji: an open-source platform for biological-image 
analysis. Nature methods 9:676-682. 
Schreiner D, Nguyen TM, Russo G, Heber S, Patrignani A, Ahrne E, Scheiffele P (2014) 
Targeted combinatorial alternative splicing generates brain region-specific 
repertoires of neurexins. Neuron 84:386-398. 
Scott H, Rogers MF, Scott HL, Campbell C, Warburton EC, Uney JB (2017) Recognition 
memory-induced gene expression in the perirhinal cortex: A transcriptomic analysis. 
Behavioural brain research 328:1-12. 
Scoville WB, Milner B (1957) Loss of recent memory after bilateral hippocampal lesions. J 
Neurol Neurosurg Psychiatry 20:11-21. 
 130 
Sengar AS, Li H, Zhang W, Leung C, Ramani AK, Saw NM, Wang Y, Tu Y, Ross PJ, Scherer 
SW, Ellis J, Brudno M, Jia Z, Salter MW (2019a) Control of Long-Term Synaptic 
Potentiation and Learning by Alternative Splicing of the NMDA Receptor Subunit 
GluN1. Cell reports 29:4285-4294 e4285. 
Sengar AS, Li H, Zhang W, Leung C, Ramani AK, Saw NM, Wang Y, Tu Y, Ross PJ, Scherer 
SW, Ellis J, Brudno M, Jia Z, Salter MW (2019b) Control of Long-Term Synaptic 
Potentiation and Learning by Alternative Splicing of the NMDA Receptor Subunit 
GluN1. Cell reports 29:4285-4294.e4285. 
Shen S, Park JW, Huang J, Dittmar KA, Lu ZX, Zhou Q, Carstens RP, Xing Y (2012) MATS: 
a Bayesian framework for flexible detection of differential alternative splicing from 
RNA-Seq data. Nucleic Acids Res 40:e61. 
Shepherd JD, Rumbaugh G, Wu J, Chowdhury S, Plath N, Kuhl D, Huganir RL, Worley PF 
(2006) Arc/Arg3.1 mediates homeostatic synaptic scaling of AMPA receptors. 
Neuron 52:475-484. 
Sherrin T, Blank T, Hippel C, Rayner M, Davis RJ, Todorovic C (2010) Hippocampal c-Jun-
N-terminal kinases serve as negative regulators of associative learning. J Neurosci 
30:13348-13361. 
Shimizu E, Tang YP, Rampon C, Tsien JZ (2000) NMDA receptor-dependent synaptic 
reinforcement as a crucial process for memory consolidation. Science (New York, 
NY) 290:1170-1174. 
Shinohara K, Hata T (2014) Post-acquisition hippocampal NMDA receptor blockade sustains 
retention of spatial reference memory in Morris water maze. Behavioural brain 
research 259:261-267. 
Singh-Manoux A, Kivimaki M, Glymour MM, Elbaz A, Berr C, Ebmeier KP, Ferrie JE, 
Dugravot A (2012) Timing of onset of cognitive decline: results from Whitehall II 
prospective cohort study. BMJ 344:d7622. 
Skene PJ, Illingworth RS, Webb S, Kerr AR, James KD, Turner DJ, Andrews R, Bird AP 
(2010) Neuronal MeCP2 is expressed at near histone-octamer levels and globally 
alters the chromatin state. Mol Cell 37:457-468. 
Small GW (2002) What we need to know about age related memory loss. Bmj 324:1502-
1505. 
 131 
Sommer B, Keinanen K, Verdoorn TA, Wisden W, Burnashev N, Herb A, Kohler M, Takagi 
T, Sakmann B, Seeburg PH (1990) Flip and flop: a cell-specific functional switch in 
glutamate-operated channels of the CNS. Science (New York, NY) 249:1580-1585. 
Sorensen AT, Cooper YA, Baratta MV, Weng FJ, Zhang Y, Ramamoorthi K, Fropf R, 
LaVerriere E, Xue J, Young A, Schneider C, Gotzsche CR, Hemberg M, Yin JC, 
Maier SF, Lin Y (2016) A robust activity marking system for exploring active 
neuronal ensembles. eLife 5. 
Spiegel I, Mardinly AR, Gabel HW, Bazinet JE, Couch CH, Tzeng CP, Harmin DA, 
Greenberg ME (2014) Npas4 regulates excitatory-inhibitory balance within neural 
circuits through cell-type-specific gene programs. Cell 157:1216-1229. 
Squire LR, Zola-Morgan S (1991) The medial temporal lobe memory system. Science (New 
York, NY) 253:1380-1386. 
Staresina BP, Duncan KD, Davachi L (2011) Perirhinal and parahippocampal cortices 
differentially contribute to later recollection of object- and scene-related event details. 
J Neurosci 31:8739-8747. 
Stilling RM, Benito E, Gertig M, Barth J, Capece V, Burkhardt S, Bonn S, Fischer A (2014) 
De-regulation of gene expression and alternative splicing affects distinct cellular 
pathways in the aging hippocampus. Frontiers in cellular neuroscience 8:373. 
Sultan FA, Wang J, Tront J, Liebermann DA, Sweatt JD (2012) Genetic deletion of Gadd45b, 
a regulator of active DNA demethylation, enhances long-term memory and synaptic 
plasticity. J Neurosci 32:17059-17066. 
Sun X, Lin Y (2016) Npas4: Linking Neuronal Activity to Memory. Trends in neurosciences 
39:264-275. 
Sun X, Bernstein MJ, Meng M, Rao S, Sørensen AT, Yao L, Zhang X, Anikeeva PO, Lin Y 
(2020) Functionally Distinct Neuronal Ensembles within the Memory Engram. Cell 
181:410-423.e417. 
Sweatt JD (2013) The emerging field of neuroepigenetics. Neuron 80:624-632. 
Takekawa M, Saito H (1998) A family of stress-inducible GADD45-like proteins mediate 
activation of the stress-responsive MTK1/MEKK4 MAPKKK. Cell 95:521-530. 
Tamura RE, de Vasconcellos JF, Sarkar D, Libermann TA, Fisher PB, Zerbini LF (2012) 
GADD45 proteins: central players in tumorigenesis. Curr Mol Med 12:634-651. 
 132 
Tan Y, Rouse J, Zhang A, Cariati S, Cohen P, Comb MJ (1996) FGF and stress regulate 
CREB and ATF-1 via a pathway involving p38 MAP kinase and MAPKAP kinase-
2. Embo j 15:4629-4642. 
Temido-Ferreira M et al. (2018) Age-related shift in LTD is dependent on neuronal adenosine 
A2A receptors interplay with mGluR5 and NMDA receptors. Molecular psychiatry. 
Thalhammer A, Jaudon F, Cingolani LA (2020) Emerging Roles of Activity-Dependent 
Alternative Splicing in Homeostatic Plasticity. Frontiers in cellular neuroscience 
14:104. 
Tollefsbol TO (2017) Handbook of epigenetics : the new molecular and medical genetics, 
Second edition. Edition. London: Academic Press, an imprint of Elsevier. 
Tonegawa S, Morrissey MD, Kitamura T (2018) The role of engram cells in the systems 
consolidation of memory. Nature reviews Neuroscience 19:485-498. 
Tornatore L, Marasco D, Dathan N, Vitale RM, Benedetti E, Papa S, Franzoso G, Ruvo M, 
Monti SM (2008) Gadd45 beta forms a homodimeric complex that binds tightly to 
MKK7. Journal of molecular biology 378:97-111. 
Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, Pimentel H, Salzberg SL, Rinn 
JL, Pachter L (2012) Differential gene and transcript expression analysis of RNA-seq 
experiments with TopHat and Cufflinks. Nat Protoc 7:562-578. 
Trifilieff P, Calandreau L, Herry C, Mons N, Micheau J (2007) Biphasic ERK1/2 activation 
in both the hippocampus and amygdala may reveal a system consolidation of 
contextual fear memory. Neurobiology of learning and memory 88:424-434. 
Trifilieff P, Herry C, Vanhoutte P, Caboche J, Desmedt A, Riedel G, Mons N, Micheau J 
(2006) Foreground contextual fear memory consolidation requires two independent 
phases of hippocampal ERK/CREB activation. Learning & memory (Cold Spring 
Harbor, NY) 13:349-358. 
Tullai JW, Schaffer ME, Mullenbrock S, Sholder G, Kasif S, Cooper GM (2007) Immediate-
early and delayed primary response genes are distinct in function and genomic 
architecture. The Journal of biological chemistry 282:23981-23995. 
Verbitsky M, Yonan AL, Malleret G, Kandel ER, Gilliam TC, Pavlidis P (2004) Altered 
hippocampal transcript profile accompanies an age-related spatial memory deficit in 
mice. Learning & memory (Cold Spring Harbor, NY) 11:253-260. 
 133 
Wang ET, Sandberg R, Luo S, Khrebtukova I, Zhang L, Mayr C, Kingsmore SF, Schroth 
GP, Burge CB (2008) Alternative isoform regulation in human tissue transcriptomes. 
Nature 456:470-476. 
Weber M, Wu T, Hanson JE, Alam NM, Solanoy H, Ngu H, Lauffer BE, Lin HH, Dominguez 
SL, Reeder J, Tom J, Steiner P, Foreman O, Prusky GT, Scearce-Levie K (2015) 
Cognitive Deficits, Changes in Synaptic Function, and Brain Pathology in a Mouse 
Model of Normal Aging(1,2,3). eNeuro 2. 
Weng FJ, Garcia RI, Lutzu S, Alviña K, Zhang Y, Dushko M, Ku T, Zemoura K, Rich D, 
Garcia-Dominguez D, Hung M, Yelhekar TD, Sørensen AT, Xu W, Chung K, 
Castillo PE, Lin Y (2018) Npas4 Is a Critical Regulator of Learning-Induced 
Plasticity at Mossy Fiber-CA3 Synapses during Contextual Memory Formation. 
Neuron 97:1137-1152.e1135. 
Winocur G (1988) Long-term memory loss in senescent rats: neuropsychological analysis of 
interference and context effects. Psychol Aging 3:273-279. 
Wong JJ, Gao D, Nguyen TV, Kwok CT, van Geldermalsen M, Middleton R, Pinello N, 
Thoeng A, Nagarajah R, Holst J, Ritchie W, Rasko JEJ (2017) Intron retention is 
regulated by altered MeCP2-mediated splicing factor recruitment. Nature 
communications 8:15134. 
Woodruff-Pak DS, Foy MR, Akopian GG, Lee KH, Zach J, Nguyen KP, Comalli DM, 
Kennard JA, Agelan A, Thompson RF (2010) Differential effects and rates of normal 
aging in cerebellum and hippocampus. Proceedings of the National Academy of 
Sciences of the United States of America 107:1624-1629. 
Xu R, Janson CG, Mastakov M, Lawlor P, Young D, Mouravlev A, Fitzsimons H, Choi KL, 
Ma H, Dragunow M, Leone P, Chen Q, Dicker B, During MJ (2001) Quantitative 
comparison of expression with adeno-associated virus (AAV-2) brain-specific gene 
cassettes. Gene therapy 8:1323-1332. 
Yap EL, Greenberg ME (2018) Activity-Regulated Transcription: Bridging the Gap between 
Neural Activity and Behavior. Neuron 100:330-348. 
Ye X, Kapeller-Libermann D, Travaglia A, Inda MC, Alberini CM (2017) Direct dorsal 
hippocampal-prelimbic cortex connections strengthen fear memories. Nat Neurosci 
20:52-61. 
 134 
Yonelinas AP, Ranganath C, Ekstrom AD, Wiltgen BJ (2019) A contextual binding theory 
of episodic memory: systems consolidation reconsidered. Nature reviews 
Neuroscience 20:364-375. 
Yoo M, Park S, Jung I, Han JH (2020) Persistence of Fear Memory Depends on a Delayed 
Elevation of BAF53b and FGF1 Expression in the Lateral Amygdala. J Neurosci 
40:7133-7141. 
Young JI, Hong EP, Castle JC, Crespo-Barreto J, Bowman AB, Rose MF, Kang D, Richman 
R, Johnson JM, Berget S, Zoghbi HY (2005) Regulation of RNA splicing by the 
methylation-dependent transcriptional repressor methyl-CpG binding protein 2. 
Proceedings of the National Academy of Sciences of the United States of America 
102:17551-17558. 
Yu XW, Oh MM, Disterhoft JF (2017a) CREB, cellular excitability, and cognition: 
Implications for aging. Behavioural brain research 322:206-211. 
Yu XW, Curlik DM, Oh MM, Yin JC, Disterhoft JF (2017b) CREB overexpression in dorsal 
CA1 ameliorates long-term memory deficits in aged rats. eLife 6. 
Zahn JM et al. (2007) AGEMAP: a gene expression database for aging in mice. PLoS Genet 
3:e201. 
Zhang SJ, Steijaert MN, Lau D, Schutz G, Delucinge-Vivier C, Descombes P, Bading H 
(2007) Decoding NMDA receptor signaling: identification of genomic programs 
specifying neuronal survival and death. Neuron 53:549-562. 
Zhang SJ, Zou M, Lu L, Lau D, Ditzel DA, Delucinge-Vivier C, Aso Y, Descombes P, 
Bading H (2009) Nuclear calcium signaling controls expression of a large gene pool: 
identification of a gene program for acquired neuroprotection induced by synaptic 
activity. PLoS Genet 5:e1000604. 
Zhao B, Sun J, Zhang X, Mo H, Niu Y, Li Q, Wang L, Zhong Y (2019) Long-term memory 
is formed immediately without the need for protein synthesis-dependent 
consolidation in Drosophila. Nature communications 10:4550. 
 
